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Research has been undertaken to develop new yttria slurry systems for use in mould face 
coats for investment casting TiAl alloy, solving the pre-gelation problems of commercial 
yttria slurry systems to increase slurry life. Meanwhile, the new face coats should also have 
excellent sintering properties, chemical inertness, surface finish and be easy to prepare.  
 
The processes of developing the new slurry started with the filler powder investigation by 
adding different sintering additives into the yttria powder to achieve good sintering 
properties. Then the best filler powder candidates were selected to make the slurry. Finally, 
the new face coat slurries were used to make the shell face coat and the chemical inertness of 
those shells were investigated through the sessile drop and investment casting. In the 
research, the filler powder and face coat sintering properties were quantified through density, 
dilatometer testing, X-ray diffraction (XRD) and microstructural change at different testing 
temperatures. The interaction of different face coat systems and the metal were identified 
using hardness tests, sessile drop contact angle and the microstructural change at the 
metal/shell interface. 
 
In this research, three water-based binder face coat systems containing YF3, Y2O3+0.5wt% 
Al2O3+ 0.5 wt% ZrO2 (YAZ), and B2O3 additives were found to have similar or even better 
sintering properties compared to a commercial face coat. Meanwhile, they had long life. 
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Chapter 1. Introduction: 
 
Titanium aluminide alloys are widely used in automotive application such as valves and 
turbochargers. Due to their good strength and creep resistance, TiAl alloys are recently used 
to replace nickel superalloy turbine blades at the working temperature around 600-750 °C. 
Due to the comparable low density of these alloy, it save nearly 40 % of the turbine weight 
whilst reducing the cost. 
 
Because of the intrinsic properties of TiAl alloy, such as chemical heterogeneity, brittleness, 
low room temperature ductility and poor workability [20], wrought methods like rolling and 
forging are unsuitable for mass production of TiAl components. Kuang et al, [22] and Sung 
et al [23] suggested that investment casting, which can give very precise net-shape with 
extremely smooth component surface, is one of the best economic ways to produce TiAl 
components. 
 
When investment casting is used to produce TiAl, two main problems arise in industry 
mould production. Firstly, the poor chemical inertness of the standard mould materials 
causes extensive interaction take place during casting process, and thus forms a hardened 
(brittle) layer at the component surface [41]. Secondly, pre-gelation problems of face coat 
slurry systems limit the life of slurries to one hour after mixing [151].  
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1.1 Aim: 
The aims of this project are to design a water-based binder face coat slurry system for TiAl 
casting which has long life time, is easy prepare to and of low cost, whilst retaining excellent 
thermodynamic stability and chemical inertness. 
 
1.2 Thesis layout: 
This thesis is divided into nine main chapters. Chapter 1 is the introduction of the thesis 
includes research aims and layout. Chapter 2, the literature review, will be initially reviewing 
the background knowledge of the TiAl alloy such as microstructures, properties, production 
methods and the interaction between the alloy and the mould during the investment casting 
process. Then the review will first focus on the mould materials‘ research for the investment 
cast refractory mould since the last century and then the large efforts which have been made 
to increase the life of the slurry. The last part of the review is concentrated on the new slurry 
formulation/recipe development. 
 
Chapters 3 to 7 encompass all the experimental work. In those chapters, new slurry recipes 
were developed starting from the filler powders to the slurries, and the face coat sintering 
properties and chemical inertness were also analyzed through the experimental process. 
Chapter 3 looks at the designed filler powder physical properties such as powder particle 
size and distribution, filler powder particle shape, thermal expansion and the composition 
change at different isothermal sintering temperatures. The best filler powders were then 
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selected to make the face coat slurry. 
 
A series of face coat slurries with the designed composition were made and their 
microstructures, life, viscosity change and sintering properties were reported in Chapter 4. 
After that, the best slurry with good consistency and sintering properties was chosen to make 
small shell pieces to test their chemical inertness against the molten TiAl alloys by using the 
sessile drop test in Chapter 5. Then the metal interfacial energy changes of each face coat 
shell during interaction were calculated from sessile drop evaluation to predict the thermal 
inertness of each shell. The cast metal drop metal/shell interface microstructures and 
interfacial hardened layer thickness were also characterized and reported in this chapter. 
 
The new face coat slurries were then used to make moulds from small scale crucibles to a 
large scale investment ‗T‘ shape to test the face coat strength and shell surface finish in 
Chapter 6. Poor face coat strength is then addressed using sol ‗back penetration‘ as the new 
face coat slurry manufacture method. Due to the high reactivity of Si in the backup coat, it 
will penetrate/diffuse into the face coat layer though high temperature sintering process. 
Therefore, in this chapter, issues with Si back penetration will be given a detailed 
introduction. 
 
Chapter 7 mainly reviews the centrifugal investment cast TiAl bar surfaces and metal/shell 
interfacial microstructures from using the new face coat slurry with the sol ‗back 
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penetration‘ methods. The metal interface hardened layer thickness and interaction properties 
by using the new slurries were characterized and compared to the industry standard yttria 
slurry. The inertness of each face coat is analyzed by the measuring the thickness of the 
interaction layer and Si penetration distance at the metal/shell interface area of the cast 
sample. These results were then used to compare with the predicted results in Chapter 5 and 
6. Last but not least, Chapter 8 and 9 draws the main discussions, conclusions and proposes 
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Chapter 2. Literature review: 
 
The literature review is divided into three parts; the first part will focus on reviewing the 
properties of the gamma titanium aluminide alloy, commercial production methods and the 
associated production problems. The second part will introduce the reactivity of titanium 
alloys, the development history of mould refractory materials from last century and the 
objectives of this project. The third part will concentrate on new slurry formulation 
development. 
 
2.1 The background of Titanium aluminide 
2.1.1 Titanium aluminide and their applications 
Titanium alluminide alloys are widely used in automotive applications, such as car engine 
valves and turbochargers due to its high melting point, good oxidation and creep resistance 
[1-2]. In the past 10 years, TiAl alloy has been considered as a potential material that can be 
used for aerospace applications, such as turbine blades due to their superior high temperature 
properties [3]. 
 
Compared to the nickel superalloy used in the turbine blades, TiAl alloys have lower densities 
between 3.76×103 to 4.5×103 kg/m3 [4] than nickel superalloy (8.9×103 kg/m3). Therefore, if 
titanium aluminide alloys can be used to replace nickel superalloy blades in low temperature 
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engine parts (Figure 2-1), it will not only save the half weight of the blade, but also reduce 
stress/force generated during rotating and hence save disk weight. 
 
In 2008, General Electric announced that gamma TiAl low pressure turbine (LPT) blades 
were going to be used on its GEnx engine, which powered the Boeing 787 and Boeing 747-8 
aircraft [5]. This is the first large-scale use of this material on a commercial jet engine and 
save around 40 % weight of the turbine blades, reducing the two stages of turbine cost. The 





Figure 2-1. llustration of material usage in the Trent 800 engine. Note the extensive use of 
nickel-based superalloys in the combustor and turbine section (Courtesy of Rolls-Royce). [6] 
 
Replaced by TiAl alloy 
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Also the superior mechanical properties of gamma TiAl are the other reason to attract the 
world‘s attention on titanium aluminides to replace nickel superalloy at temperatures around 
600-750°C. As an engineering material, gamma TiAl alloys have very high rupture strength 











(a)                                                             
 
 
(a)                             (b)                  
Figure 2-2. (a) 1000h rapture strength as a function of temperature for a TiAl based alloy 
compared to nickel and other alloys (b) specific strength as a function with temperature of a 
TiAl alloy [1]. 
 
2.1.2 The composition and microstructure of TiAl alloys 
As was known, gamma TiAl, has an Al content of around 40 to 50 at%, which makes the 
microstructure of these alloy different from other Titanium alloys. The cooling from the beta 
phase area will prefer to form three types of microstructures, Figure 2-3 and 2-4. i.e, fully 
lamellar (Ti-(45-47) Al) with grains consisting of an arrangement of α2 (DO19, ordered 
hexagonal) and γ (face-centred tetragonal) laminate microstructure, the duplex (Ti-(49-50) Al) 
alloy, where lamellar grains coexist with equiaxed γ phase [7], and near fully lamellar 
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Figure 2-3.  A  TiAl alloy phase diagram [8]  
  
 
Figure 2-4. Three typical microstructures of TiAl: (a) fully lamellar; (b) duplex and (c) near 
fully lamellar. The actual composition for those microstructures is Ti-44Al-8Nb-1B. [1] 
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M. Lamirand [9] reported that the full duplex structure was more ductile at room temperature, 
and that the fully lamellar structure, while less ductile, has a very good creep resistance at 
high temperatures. Some properties of gamma-TiAl alloys are shown in Table 2-1. 
 
Table 2-1. Property profiles of γ-TiAl  alloys [10] 
Properties γ-TiAl 
Density ++ 
Specific tensile strength +/- 
High temperature Young‘s Modulus ++ 
Rom temperature ductility - 
Formability - 
Creep ++ 
Room temperature fracture toughness - 
Room temperature crack growth - 
Specific fatigue strength +/- 
Oxidation ++ 
High temperature embrittlement +/- 
＋: good , ＋＋: very good, - : ok 
 
In order to further improve the specific strength, creep, and oxidation resistance of TiAl 
alloys, substitutional elements, such as Nb, Cr & Hf [11], Mn & Mo [12], and Ru [13] etc. 
were added into the alloy for different purposes. These elements change the TiAl alloy 
properties by substitution in the Al atomic positions and solid-solution hardening the alloy, 
meanwhile, addition of these elements will increase the melting temperature of TiAl alloy 
from around 1550 °C for pure Ti to around 1600 °C. The benefits/purpose of the additives 
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alloy elements are listed in Table 2-2. 
 
Table 2-2. The effects of selected alloying elements in gamma-TiAl alloys [2] 
Element Effect 
Nb Increase oxidation resistance and creep resistance, high temperature strength 
P Decrease oxidation rate 
Si Addition 0.5-1% range increase creep resistance. Silicon also increase oxidation 
resistance and fluidity and decrease susceptibility to hot cracking 
Ta Increases oxidation and creep resistance and tendency for hot cracking 
V Addition in 1-3% range increases ductility in duplex alloys. Reduces oxidation 
resistance. 
W Oxidation and creep resistance increased. 
C Increase creep resistance and decreases ductility 
Cr Additions of 1-3% increase ductility of duplex alloys, addition >2% increase 
workability and super elasticity, and >8% increase oxidation resistance 
Mn Additions of 1-3% increase ductility of duplex alloys 
Mo Increase ductility, strength and oxidation resistance 
 
The development of TiAl alloy has reached the 4th generation since the 1980s, and the 
improvement of each generation was mainly focused on enhancing alloy creep resistance, 
strength, ductility, and high temperature oxidation resistance. Table 2-3 shows the TiAl alloy 
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Table 2-3. Composition and processing of gamma-TiAl alloy in each generation. [10] 
Generation Composition  (at%) processing 
















In order to refine the grain size, boron has been added into TiAl since the second generation 
of the alloy [14], see Figure 2-5. There are two hypotheses for the grain refinement 
mechanism of TiB(1, 2), first is the increase of the under-cooling effect [15], and second is 
providing the nucleation sites for heterogeneous nucleation of alpha (TiAl) on borides [16, 
17]. Two main TiAl alloys, Ti-(45-47)Al-2Mn-2Nb-0.8at%TiB2 and Ti-48Al-2Cr-2Nb are 
now widely used in engineering applications [18] due to their special properties. 
 
 
Figure 2-5.  Optical Microscopy micrographs of Ti45Al8Nb(x)B (at.%) alloys after heat 
treatment, Boron additions (x) are (a) 0, (b) 0.3, (c) 0.5, (d) 0.8 at% respectively.                   
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2.1.3 The manufacturing method of TiAl alloys 
Over recent years, major efforts have been made to introduce titanium aluminides into the 
aerospace market with limited success [19]. The main factors which held back manufacture 
of ‗mass market‘ TiAl based components were the intrinsic properties of TiAl as determined 
by the microstructure and chemical heterogeneity, such as brittleness, low room temperature 
ductility and poor work ability [20]. Prilhar (2001) [21] managed to produce fabricated and 
forged gamma-TiAl compressor blades but suffered from poor ingot stock and the poor 
fluidity of the metal liquid. Due to these problems, the use of wrought processing methods 
such as forging and rolling, which were very prone to chemical and microstructure 
heterogeneity were limited, whilst powder metallurgy is considered very expensive and only 
suitable for the manufacture of large and complex TiAl components [1]. Therefore 
investment casting, which can directly give net-shape components, was one of the most 
promising ways to produce TiAl components [22]. Sung (2005) [23] demonstrated that 
investment casting can give a very precise net-shape with extremely smooth component 
surface thus keep waste material to a minimum.  
 
Casting appears to be the favored route with regard to the manufacturing of near net-shape 
gama-TiAl turbine blades. The automotive parts made using counter gravity casting have 
already been successful for many years [24-26], see Figure 2-6 for the mould design for 
counter gravity casting. However, counter gravity casting method was limited for use in 
processing gamma TiAl blades because the shrinkage defects formed during cooling, and 
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oversized bubbles were detected at the cast component surface. Harding (2004) [27] reported 
large amount of misrun defects due to thin sections causing the metal to freeze before 
complete filling. While centrifugal casting can create large amounts of free surface 
turbulence, it offers the beneficial effects of the centrifugal force acting upon the metal, 
aiding both filling and feeding during solidification. It is apparent that investment centrifugal 
casting appears to be the most favoured method for casting of TiAl aerospace components. 
 
       
Figure 2-6. 3D model of cast valves in preliminary design [28] 
 
2.1.4 Investment casting mould making process (lost-wax casting)  
The basic investment casting production processes are summarized schematically in Figure 
2-7 [29]. During the investment casting process, wax patterns which have same net-shape as 
the components to be cast (with contraction allowances) are assembled together with the 
runner and filling system, Figure 2-7 (a-c). Then these patterns are cleaned using a wax 
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cleaning liquid (Trisol-60) and then dried for a few hours. After that, wax patterns are dipped 
into a multi-component slurry system, which normally consists of a mixture of refractory 
fillers and a binder. A layer of ceramic stucco (coarse ceramic particles) is then applied and 
allowed to dry, see Figure 2-7 (d-e). These processes are repeated until the ceramic mould 
attains a certain thickness. The ‗green‘ mould is then de-waxed using a BoilerclaveTM and 
fired to attain full strength. The charge of molten alloy can then be poured into the ceramic 
mould. After cooling, metal components are mechanically broken out from the thin wall 
moulds, and the adhered mould oxide on the metal surface was removed by using shot 
blasting or chemical milling [30], see Figure 2-7 (h-j).  
 
 
               Figure 2-7. The investment mould making process [29] 
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The slurry used in Figure 2-7 (d) is a mixture of filler, binder, anti-foam, wetting agent etc. 
The main composition of the slurry is the filler [30]. Filler is a powder with particle size 
around -200 to -375 mesh (particle size around 30 to 75 µm). The binder in the solution can 
be organic or inorganic, and it is used to increase the bonding between the filler particles to 
improve the green strength of the shells. E.g. colloidal silica (particle size around 3 to 150 
nm) is a very desirable and widely used binder for investment casting moulds. Anti-foam is a 
chemical solution which effectively reduces foam formation during the stirring and dipping 
process. The wetting agent is used to change the surface tension of the slurry for better 
coating. Sometimes, polymers are used as shell/coat strengtheners into the slurry to enhance 
the green strength of the mould [31].  
 
The coat of investment casting mould can be generally separated into two parts, see Figure 
2-8. First is the primary coat, and then there are the secondary coats (backup coats). The 
physical requirement of the primary coat is that it should be smooth, chemically stable and 
with sufficient strength to sustain the pressure of the chemically reactive molten metal. The 
secondary (backup) coat contains multi-layers (5-7 coats), while a large stucco with particle 
size around 300-500 µm is mainly used in this coat to provide sufficient strength for the 
mould before sintering [32].  
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                         (a)                           (b) 
Figure 2-8. (a) a finished turbo-charger wheel mould and (b) the cross section of the pattern 
before de-wax [32] 
 
2.1.5 The problems of investment casting of TiAl alloys 
There are three major problems associated with the investment casting of TiAl alloys. First is 
the large coarse grain size which has very poor mechanical properties [33-34]. Second is the 
poor fluidity of TiAl alloys around their melting temperatures, which causes poor filling of 
the cast moulds, leads to large defects formation during casting process [35-39]. The third 
problem is the interaction between the mould and molten metal due to the very reactive TiAl 
alloy during casting [40-65]. 
 
2.1.5.1 The coarse grain size 
After casting, large and coarse grains are formed due to the slow cooling rate, and which will 
give rise to low ductility, a large scatter in properties and lead to an increased tendency to 
pre-yield cracking [33]. Figure 2-9 shows the coarse grains cause a decrease in the yield 
stress, the elongation, and material tensile strength, etc. The grain refining elements boron 
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and carbon as studied previously, can largely refine the as cast component, but the formation 
of large borides can become crack initiation sites. It also should be noted that in 
thermo-mechanical processes, borides are broken down during the process and are very 
effective at pining grain boundaries during the re-crystallization process. 
 
Figure 2-9. The effect of grain diameter of tensile test of a Ti-44Al-8Nb-1B alloy. [34] 
 
2.1.5.2 Defect formation and improvement 
Although TiAl has low fluidity at the melting temperature, Harding & Wikins (2001) [35], 
Harding (2007) [36], and Harding & Wickins (2011) [37] found that it is still possible to cast 
thin walled TiAl components by using a high powered Induction Skull Melting (ISM) 
furnace. However, rapid gravity filling creates a high level of turbulence in the metal liquids 
that caused large bubbles trapped and forming large porous defects when the metal cooled 
down [38], see Figure 2-10. By using a pre-heated mould with alloy superheating, the alloy 
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fluidity is largely improved thus allowing bubbles to escape or break down, reducing the 
number of bubbles in the cast component. The best methods to produce TiAl components 
suggested by Harding and Wang [37, 39] are tilt or centrifugal casting. 
 
 
Figure 2-10. A polished surface of a sectioned cast TiAl bar and SEM micrographs, showing 
(a) macrostructure, (b) microstructure, (c) porosity and (d) entrained bubbles [38]. 
 
2.1.5.3 Interaction between metal and ceramic shell 
M. Lamirand (2006) [9] pointed out that titanium and its alloys had a strong affinity to 
oxygen, and oxygen is presented in TiAl alloys in a significant concentration usually around 
800 wt ppm or more. These oxygen atoms in TiAl occupy the octahedral interstitial sites in 
the closed-packed plane and result in poor mechanical properties such as yield stress, 
hardness and fracture stress.  
 
Therefore, the problem encountered in TiAl casting was the oxidation due to the interaction 
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between the ceramic mould and molten metal during the casting process. Reaction was 
usually manifested as an increased near-surface oxygen concentration, decreasing with 
distance from the interface to the inner part of casting, Figure 2-11[40]. 
 
 
Figure.2-11. Element content as function of depth from the metal/shell interface using SEM 
[40]. 
 
Barbosa et al, (2003, 2006, 2007) [41-43] showed the oxygen penetration thickness is 
similar to the detected hardened layer thickness at the metal/shell interface, after comparing 
the matrix hardness of the α2+γ and γ phase, see Figure 2-12.    
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                 (a)                              (b) 
Figure 2-12. (a) Oxygen concentration profile of a TiAl samples surface to the inside after 
120s holding time at 1550 and 1600 °C in a yttria crucible. (b) Micro-hardness variation 
profile from the surface to the inside of sample in both micro-constituents, for a heating 
times at 1550°C, 60s.[42] 
 
Yu Guilin (2007) [40] suggested that the interaction layer can be divided into two different 
layers, which are the oxide layer and the alloy layer, see Figure 2-13.  
 
 
Figure 2-13. SEM micrograph of interaction layer of pure titanium castings made with 
Al2O3-based investment, indicating that surface reaction layer (approximately 50 µm) 
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At the oxide layer, which directly contacts the shell, the alloy elements have already fully 
oxidized, and the oxide layer thickness depends on the amount of penetrated oxygen from 
the ceramic mould. By increasing the distances away from the interface, the oxygen 
concentration continues to decrease till it can not be detected. Compared to the oxide layer, 
the alloy layer has lower oxygen concentration but high concentration of elements from the 
mould materials (Si, Zr, Ca. etc) [44-46].  
 
Jia. Q (2002) [44] found Zr contamination to a depth of 25 µm in a component cast in a ZrO2 
based mould. Kuang et al (2000) [45] found Ca ions in the surface region of the samples cast 
into CaO moulds. Li et al (2007) [46] found high Si content in the near surface region of 
samples cast into a SiO2 mould. These elements in the TiAl interface will interact with TiAl 
alloy to form some high melting temperature phases, which possibly degraded the 
mechanical properties of the cast component. Figure 2-14 and 2-15 shows the very serious 
interaction between metal and ceramic shell during the casting process, and massive 
interaction products (light colour phase) which had been found along the grain boundary 
area from the interface down to around 200-300 µm away in the metal matrix. The very wide 
interaction layer thickness makes the mechanical removal of these layers, without 
influencing, the cast component‘s dimensional accuracy seems impossible.  
 
Metal–ceramic interface 
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Figure 2-14. Backscatter electron images of longitudinal section as-cast Ti-46Al interface by 




Figure 2-15. (a) Bright field transmission electron micrograph showing a Al2Zr and 
(Ti,Zr)5Si3 particles at dendrite spacing, and the diffraction pattern of  (b) Al2Zr, and 
(c)Ti5Si3 phase.[47] 
 
The interactions between the ceramic and liquid alloys will also change the surface tension 
of the molten TiAl on the ceramic shell [48]. In order to analyse the wetting behaviour of the 
metal on the ceramic shell, the sessile drop technique is used by a large number of 
researchers [49-52]. Zhou et al (1996) [53] and Landry et al (1996) [54] found that by 
increasing the contact time between the molten metal and ceramic mould, the contact angle 
Interaction products (light 
phase) 
Metal–ceramic interface 
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will reduce till a final angle was achieved, see Figure 2-16, where, θ0 is the original contact 
angle value and θf is the final contact angle value. 
 
 
Figure 2-16. Variation of contact angle of Cu-11Ti alloy on an Al2O3 substrate. [51]. 
 
The contact angle on the substrate can also be influenced by substrate surface roughness, 
heterogeneity of the surface, flux, temperature, trace elements, atmosphere, and liquid 
properties [55, 56]. The wetting angle on the substrate for a reactive system can be express 








                                                   2-2                                                                                 
where LV  is the surface tension of the liquid, 0 is contact angle on the substrate in the 
absence of any reaction, r represents the change in interfacial energy due to interfacial 
reaction and rG  is the change in free energy per unit area released by the reaction of the 
material contained in the immediate vicinity of the metal/substrate interface. 
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Li et al (2007) [46] studied the minimum contact angle between molten Ti-50Al and 
different ceramic substrates and found that, for different ceramic systems, the final contact 
angle is different. An yttria substrate has the largest contact angle followed by the ZrO2 shell, 
the smallest wetting angle used a MgO substrate, see Figure 2-17. 
  
 
Figure 2-17. Contact angle between liquid Ti50Al and different mould materials [46]. 
 
The ability of a refractory material to resist wetting by a molten metal is a valuable property 
because interaction can only occur if both metal and mould contact. Thus, poor or 
non-wetting of a refractory by a liquid metal or alloys tends to indicate an increased 
resistance to attack by the molten metals [45]. 
 
Contreras, A (2007) [59] studied the wetting behavior of the contact angle change rate of an 
Al-Cu alloy on the TiC substrate, and found that the change of the metal drop 
contact/wetting angle on the ceramic substrate was a function of the interaction time. By 
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studying the wetting process of the molten metal drop, the contact angle change on the 
substrate can be separated into three parts, see Figure 2-18. 
 
 
Figure 2-18. The contact angle change at different contact times. [56] 
 
In the first part, I, the metal is de-oxidized, i.e. the oxide layer on Al alloy surface, and in this 
stage the interaction between metal and shell has not yet begun. In part II, the interaction 
between the mould starts and the wetting angle between metal and shell changed 
dramatically. In Part III, the interaction is finished and the new wetting angle was established 
between the metal and interaction products. Plotting the drop contact angle change rate 
against the interaction temperatures in part II, the metal spreading activation energy can be 
calculated from an Arrhenius relationship [59, 60]. A large activation energy value means the 
wetting/spreading of metal on ceramic shell is not only dominated by viscous flow, and the 
interaction between metal and shell is the reason for the metal spreading behaviour [61-64]. 
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Table 2-4 shows the calculated wetting activation energy based on this method, and Figure 
2-19 shows the experimentally observed interaction layer thickness.   
 
Table 2-4. The wetting interaction energy of a Al-Cu alloys on TiC substrate.[55] 
 
 
         
 
Figure 2-19. Cross-sections of the sessile drop–substrate interface obtained at 900 °C. (a) 
Al–1Cu/TiC, (b) Al–4Cu/TiC, (c) Al–8Cu/TiC, and (d) Al–20Cu/TiC.[55] 
 
There are no refractory materials which have been found that are absolutely inert to the 
molten titanium or TiAl alloys during the casting process. Research into refractory materials 
for investment casting began last century. Barbosa et al, 2001 [65]; Saha et al, 1989, 1990 
[66-67], used a SiO2 based face coat mould and have an interaction layer larger than 500 μm, 
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later, oxides CaO, ZrO2, Al2O3 were also developed for the face coat, but still, serious 
interaction between the mould and molten metal were seen. Therefore, for developing the 
aerospace market, the requirement to develop suitable materials for investment casting Ti 
alloy, especially TiAl alloys has been undertaken for the last 30 years. 
 
2.2 Mould/shell materials selection 
2.2.1 Chemical reactivity of Ti and Al in Ti-Al alloy 
Kostov, A, 2006 [68] calculated the activity of titanium and titanium aluminide alloys at 
different temperatures using the Factstage thermo-chemical software and data base [69]. The 
activity of Ti and Al as a function of titanium concentration was calculated at the 
temperature arrange between 1273 and 2273 K and is shown in Figure 2-20. 
 
                  
Figure 2-20. The activity-temperature-composition relationship for Ti in Ti-Al alloy [68]. 
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Form the Kostov‘ [68] study, the activity-temperature relationship of TiAl alloys shows that 
Ti activity decreases with increasing Al mole fraction and with decreasing temperature. 
Therefore, compared with commercial pure titanium alloys, the reactivity for the gamma 
TiAl alloy is lower. 
 
2.2.2 Thermodynamics of the dissolved solute in Ti alloy 
The inertness of ceramics with Ti alloys depends on their thermodyanamic stability. Three 
titanium oxides have been selected that may occur in reactions with the molten Ti alloy. 
Those are TiO, TiO2 and Ti2O3. The free energy of Ti-oxides as a function of temperature is 
shown in Table 2-5 [68]. 
 
Table 2-5. The Gibbs formation energy (△Gr) as a function of temperature. 
 
 
Because all the titanium oxides have large negative formation energy based on Table 2-5 at 
all investigated temperatures, the oxides TiO, Ti2O3 and TiO2 are stable and not will interact 
with the Ti alloy. However, in real casting conditions, the interaction between the metal and 
mould is more complicated such that the chemical inertness of the ceramic shell can not be 
determined by only considering the thermodynamic data alone, other factors such as the 
mould pre-heating temperature, melt fluidity and the relative movement between the crucible 
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wall and the melt are also need to be considered [197]. 
 
2.2.3 Development of new refractory materials for TiAl casting 
The research of refractory materials and the development of suitable slurry to make the 
investment cast mould for titanium and titanium aluminides started last century. Some basic 
requirements of the refractory mould are shown in below [28].  
 
1) The face coat should have high chemical inertness against molten TiAl alloy. 
2) Low water vapour and gas absorption, which reduce the amount of gas released during the 
casting process. 
3) Low thermal conductivity, reducing the formation of defects caused by rapid 
solidification. 
4) Easily to productionize. 
 
2.2.4 First stage of materials selection (from 1960-1970s) 
At this stage, the shell development for reactive alloys is based on the cheap but high 
melting temperature graphite mould. 
 
Graphite moulds made from colloidal graphite with a particle size around 1-5 µm had been 
developed in 1966, US patent No. 3241200 [70]. Later, patents US 3296666 [71], US 
3256574 [72], US 3266106 [73], and US 3321005 [74] are reported to use this material but 
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the serious interaction between molten metal and alloys had been found, therefore new 
mould development was urgently required. 
 
Around the 1970s, a tungsten and molybdenum coated graphite mould was developed as an 
improvement for casting reactive alloys such as titanium, zirconium etc. and US patent No 
3422880 [75], 3537949 [76] and 3994346 [77] has reported this new invention. Unlike pure 
graphite, the shell manufacturing methods were slightly more complicated than the original 
versions. Robert Brown et al, (1976) [77] reported that ‗the first dip coat includes a tungsten 
and/or molybdenum compound inhibitor-former which was reducible by hydrogen to 
metallic tungsten or molybdenum‘. After removal of the pattern, the green mould was dried 
and then pyrolyzed in an atmosphere of hydrogen under conditions predetermined to convert 
the inhibitor-former to the metallic condition. This created, on the mould interface, a coating 
of metallic Mo and W which serve as a physical barrier, inhibiting the reaction of molten 
metal with the mould. Although this kind of material had less interaction between mould and 
metal compared with the graphite mould, the interaction was still very serious. 
 
2.2.5 The secondary stage of mould development --metal oxide (from 1970s-2000s) 
New developments of the ceramic shell based metal oxide were begun in the 1960s by 
selecting metal oxides from the Ellingham diagram, see Figure 2-21. 
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Figure 2-21. Standard free Gibbs energy of formation some relevant oxide. [45] 
 
In order to better understand the reactivity of TiAl alloys, the decomposition Gibbs energy of 
different oxides should be considered together with the TiAl oxidation data. Kostov. A, et al 
(2006) [68] predicted the thermodynamic stability of crucible oxides in contact with molten 
titanium alloys by calculating the reaction Gibbs energy changes △Gr, based on the reaction 
equation 2-3 below: 
MxOz→ZO(Ti-Al)+xM                                                     2-3                                                                                               
where M illustrates any metallic/non-metallic element, x and z is the numerical constant. 
 
The results, shown in Figure 2-22, suggested that yttria, calcia and zirconia have good 
oxidation stability compared to silica and magnesia at high temperatures. 
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Figure 2-22. Estimated Gibbs formation energy of selected ceramic in Ti-35Al alloys [68]. 
 
By researching the thermodynamic inertness of variety oxides for many years, some mould 
materials such as ZrO2, Y2O3, and ThO2 have been chosen to make the shell mould for 
casting TiAl alloy at temperatures around 1650 °C. 
 
Zirconia has a density of around 5.56×103 kg/m3 [122] and very high melting temperature 
around 2677 °C, which allows it to be used to temperatures around 2500 °C. Due to the very 
large volume change associated with its phase transformation, ZrO2 based moulds are 
usually used by adding small amount of compounds such as CaO, MgO or Y2O3 to stabilize 
the cubic structure during sintering process [78, 79]. It acts as a relatively inert interface 
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between the molten titanium alloy and the more reactive and less costly refractory materials in 
the backup coats. 
 
Yttrium oxide has density around 4.84×103 kg/m3 [122], and melting temperature around 
2410 °C. Phase transformations will not cause a big volume change in the shell. Compared 
with ZrO2, Y2O3 can provide an even more inert interface as the face coat material, but at 
higher cost. Renjie.C et al, (2010) [80], used a cold isostatic pressed yttria powder mould 
and found very little interaction between the mould and molten metal. 
 
The rare earth material ThO2 has a density around 9.63×10
3 kg/m3 [122], and melting 
temperature around 3300 °C. The thermal expansion coefficient of this oxide is same as 
ZrO2, and it is very inert at temperatures below 2700 °C. ThO2 is the most stable oxide 
against molten TiAl alloys, but because of the radiation hazard, it was only used in making 
ceramic shells for casting TiAl for a short period of time [81]. 
 
Therefore, when comparing all the thermal properties and the hazard of different oxides, 
yttria, as a rare earth metal oxide, is frequently used to make refractory mould for TiAl 
investment casting. 
 
2.2.6 Yttria based mould and its pre-gelation problems 
Yttrium oxide is known to provide an even more inert interface than zirconium oxide, but the 
development of an yttria based slurry took a very long time. The main problem which limits 
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the use of yttria based slurries is pre-gelling which takes place during or after the slurry 
making process, and shortening the slurry life to minutes [82-83].  
  
Yasrebi. M [84] suggested there are two main gelling mechanisms of the slurry. One is the 
different components in a slurry may interact with each other, and cause aging over time. For 
example, the dissolution of polyvalent cationic ions from oxide flours are preferential 
absorbed at the surface of the negatively charged colloidal silica particles [84-87].  The 
other reason may be due to the inorganic binder such as colloidal silica being chemically 
reactive, it permanently bonds the particles in the slurry as the result of siloxane formation 
between powder particles during face coat drying [88].  
 
As was known, the dissolution of oxide flours can influence the slurry life [86]. Therefore, 
the modification of the yttria slurry was started by reducing the dissolution of yttria flour in 
the slurry, which can be achieved both by reducing the water content in the slurry [89-91] 
and replacing pure yttria powder to a fused yttria-(1-10 wt%) zirconia powder [85, 92]. Until 
1998, two binders, ammonium zirconium carbonate (Ti-coat) and zirconium acetate, were 
developed [93-94] and successfully used in yttria face coat slurries to date. But the life of the 
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2.2.7 The third stage of mould development – non-gelation slurry development (from 
2000s-now) 
At this stage, because a lot of methods were known previously to stabilize colloidal 
suspensions i.e. preventing the suspensions from agglomeration, while simultaneously 
reducing the dissolution rates [95], scientists tried to design slurries which can last for days 
rather than a few hours.  
 
The improvements were made by adding fluoride containing compounds into yttria to make 
new slurry and thus increasing the slurry life. EP patent 1,992,430 (A) [96] published in 
November 2008 opened a new window for researchers. This patent illustrated that the slurry 
containing a fluoride such as YF3, ZrF4, AlF3, TiF4, TiF3, LaF3, and ZrF3 were less sensitive 
to water. The Binder used in this research were Ti-coat, yttria sol, and zirconia sol. The 
slurry with the longest life used a YAZ (Y2O3-0.5wt%Al2O3-0.5wt%ZrO2) powder blend 
with 0.8 wt% ZrF4, together with Ti-coat sol as the binder. The slurry life was increased from 
a few hours to 150 hours, see Figure 2-23. 
                                                                                                                                    
Chapter 2-Literature review 
 36 
 
Figure 2-23. The life time of the new designed slurry.[96] 
 
Then, Treibacher Industrie A.G. in 2010 [97] developed a fluorine-doped (F-doped) filler to 
replace pure yttria in the slurry. This new filler increases the life of the slurry to more than 
150 days, see Table 2-6. The benefit of using fluorine is to reduce the dissolution of the yttria 
powder in the slurry, thereby making the slurry possible by reducing the aging [97-98]. 
Because fluorine has a low evaporation temperature at above 1000 °C [155], this type of face 
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Table 2-6.  The life time and the composition of the reported patent [97] 
. 
Although yttria has very inert thermochemical properties, the cost of this slurry is very high 
due to the increased price of the filler and binder. So, some high melting point metal 
compounds have been used to make the mould for TiAl investment casting. These metal 
compounds including carbides, nitrides, and borides [99-101]. 
 
In 2009, Kartavykh A.V.et al [99], first used AlN to make the mould for a TiAl-Nb alloy but 
found a very large interaction between the molten metal and shell, Figure 2-24. 
                                                                                                                                    




Figure 2-24. (a) The major interstitial pickup by alloy vs. the superheating time for an AlN 
crucible use in comparison with the literature data for oxide crucibles (PW: present work). (b) 
The bottom of the casting microstructure (SEM–BSE) image. [99] 
 
A year later, Kartavykh A.V. et al [100] and Shen Bin [101] used boron nitride based 
materials to make the casting mould but also found a very thick interaction zone at the 
metal/ceramic interface, see Figure 2-25. Even now, the improvement and development of 
new slurries for casting titanium alloys and TiAl alloy is still ongoing.  
 
 
Figure 2-25. Optical micrographs (on the left) and SEM-BSE microstructure images (on the 
right) at the interface between the reaction layer and Ti–46Al–8Nb alloy in samples 
processed at 1670 °C in BN crucible for 5 min. 
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2.2.8 Summary of the TiAl alloy processing background and the objective of this 
project 
Investment casting is one of the most promising ways to produce near net shape TiAl turbine 
blades for aerospace applications. However, interaction between metal and mould is 
undesirable, degrading blade quality by forming a hard, brittle layer at the interface. 
 
Industrial production requires moulds, when used for TiAl casting, which have a high 
chemical inertness, good sintering properties and strength. Slurries for use in mould making 
should have a long life time and stable chemical properties. Yttria (Y2O3) as a mould 
face-coat filler material has an improved chemical inertness in contact with molten metal and 
is used in TiAl mould production. The major problem of using this kind of face-coat is the 
limited life of the yttria slurry due to pre-gelation of the slurry.  
 
This research aims to design low cost water-based binder slurries to replace the sol in yttria 
slurry, increasing slurry life time, whilst achieving a reasonable sintering ability combined 
with thermal stability and chemical inertness.   
 
2.3 The new design of water-based binder yttria slurry 
2.3.1 The introduction of new designed slurry  
Compared to the commercial slurry, the new slurry replaced the binder (sol) with water, and 
the sintering additives were added into the filler to enhance face coat sintering properties, 
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while polymer was also added to improve the shell green strength, see Table 2-7. By 
replacing colloidal sol with water, the cost of slurry will be reduced therefore making this 
slurry more economically attractive. 
 
Table 2-7. The changed slurry composition of the new slurry system compared to the 
conventional used slurry system. 
Composition Traditional yttria slurry New designed slurry  
Filler Yttria-based powder 
(could be F-doped, YAZ) 
Yttria  powder 
(with different sintering additives) 
Binder Colloidal particle Sol  
(yttria sol, silica sol, Ti-coat sol) 
De-ionised Water 
Polymer  Poly-vinyl Acetate (option) High temperature polymer 
 
2.3.2 Sintering mechanisms and filler powder design (promoted sintering by added 
sintering additives) 
The sintering of particles can be divided into two categories [102]; first is solid state 
sintering which is mostly related to non-liquid phase sintering, and takes place at 
comparably low sintering temperatures. The second is liquid state sintering, which mostly 
happens at very high sintering temperatures. For powder sintering, they both will occur when 
increasing the sintering temperature.  
 
2.3.2.1 Solid state sintering 
For solid state sintering, the mechanisms of sintering polycrystalline materials are defined by 
the different paths used to transport materials. Material is transported from regions of higher 
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chemical potential to regions of low chemical potential (the neck between particles) [102]. 
There are at least six sintering mechanisms in sintering polycrystalline materials [103]. They 
are schematically shown in Figure 1-26.  
 
The surface diffusion mechanism describes a process in which the material transport from 
the material surface to the neck, and lattice diffusion (bulk diffusion) mechanism is used to 
define a process in which the material in the grain boundary or surface transport to the neck 
through movement of atoms or vacancies. The grain boundary diffusion mechanism is 
described as a process in which the materials transport to neck through the grain boundary. 
The plastic flow mechanism illustrated is a process where materials move to the neck 
through the dislocations in the particles. 
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Figure 2-26. Six sintering mechanisms of a consolidate mass of crystalline particles. (1) 
surface diffusion, (2) lattice diffusion from the surface. (3) vapour transport, (4) grain 
boundary diffusion, (5) lattice diffusion from the grain boundary, (6) plastic flow. [103] 
 
All six mechanisms shown above can promote bonding and growth of necks between 
ceramic particles, therefore increasing the strength of the sintered ceramic body. But only 
some of them can lead to powder compact densification. E.g. surface diffusion and lattice 
diffusion from the particle surfaces to the neck, and vapour transport (mechanism 1, 2, 3) 
lead to neck growth without densification and are referred to as non-densifying mechanisms. 
Grain boundary diffusion and lattice diffusion from the grain boundary to the pore 
(mechanism 4 and 5) are the most important densification mechanisms in sintering 
polycrystalline materials. Plastic flow by dislocation motion (mechanism 6) also leads to 
neck growth and densification but is more common in the sintering of metal powders. The 
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non-densification mechanisms will change the curvature of the neck surface and so reduce 
the rate of the densification. All the densification mechanisms and their effect are listed in 
below Table 2-8. 
 
Table 2-8. Mechanisms of sintering in polycrystalline and amorphous materials.[103] 




polycrystalline Surface diffusion Surface  Neck  Yes 
 Lattice diffusion Surface Neck  Yes 
 Vapour diffusion Surface Neck  Yes 




Neck Yes  
 Lattice diffusion Grain 
boundary 
Neck Yes  
 Plastic Flow Dislocation Neck  Yes  
amorphous Viscous flow Unspecified unspecified yes  
  
The whole sintering process consists of three different stages; the initial stage, the 
intermediate stage and the finial stage. The initial sintering stage is always associated with 
powder particles‘ neck growth by various diffusion mechanisms such as vapour transport, 
plastic flow, etc. At this stage, the large surface curvature of powder is removed and there is 
around 3 to 5 % linear shrinkage taking place. The intermediate stage begins when the pores 
reach their equilibrium shapes. It covers the major part of the sintering up to around 90 % of 
final density. Final stage starts when pores pinch off and become isolated at the grain corners 
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and disappear to achieve final density. [104] 
 
The simplest ‗two sphere neck growth model‘ describes the shrinkage in equation 2-4 & 2-5 
[105] is shown in Figure 2-27 with the definitions of parameters. 
 
 

















                                                                      2-5                                                                                                                        
where ρ is the necking distance (m), a is the particle diameter (m), X is the distance from the 
particles contacting centre to the lowest point of the neck (m), ΔL is the pellet diameter (m) 
after sintering, L0 is the pellet original diameter. m, n are numerical components that depend 
on the mechanisms of sintering, and H is a function that contains the geometrical and 
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materials parameters of the powder system. The m, n, and H values depend on different 
mechanism and are shown in Table 2-9. 
 
Table 2-9. The constant n, m value of different sintering mechanisms in initial sintering stage. 
[106, 107] 
Mechanisms m n H 
Surface diffusion 7 4 56 /s s svD kT    
Lattice diffusion from the surface 4 3 20 /svDl kT   
Vapour transport 3 2 1/23 / (2 )o svp mkT kT   
Grain boundary diffusion 6 4 96 /g gb svD kT    
Lattice diffusion from grain boundary 5 3 80 /svDl kT    
Viscous flow 2 1 3 / 2sv   
* Ds, D, Dgb, diffusion coefficients for surface, lattice, and grain boundary diffusion, s , gb  
thickness for surface and grain boundary diffusion; sv , specific surface energy; Po, vapour 
pressure over a flat surface; m, mass of atom; k, Bolzmann constant; T, absolute temperature; 
  visicosity. 
 
2.3.2.2 Liquid phase sintering 
Compared to solid state sintering, liquid state sintering has a transient liquid phase appearing 
during the sintering process, this transient liquid phase leads to an enhanced densification 
through rearrangement of the particulate solid and matter transport through the liquid, see 
Figure 2-28. The activated sintering is described a process, in which minor amounts of 
additives that segregate strongly to the grain boundaries to enhance mass transport along the 
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grain boundary, giving rise to accelerated densification [108]. If sufficient liquid is present 
(25-30 vol%), rearrangement of the solid phase coupled with liquid flow can lead to a fully 
dense material, without the need for contributions from other process. [108] 
 
 
Figure 2-28. ‗Two sphere model‘ of the powder sintering (a) solid state sintering, and (b) 
liquid state sintering. [109] 
 
The sintering mechanism of liquid phase sintering consists of three stages; stage 1 is the 
rearrangement and liquid redistribution; stage 2 is the solution-precipitation; stage 3 is the 
Oswald ripening. [110, 111] 
 
In the stage 1, after forming the liquid, as the liquid wets and spreads over the solid surfaces, 
particles begin to rearrange very quickly. Rearrangement determines the initial 
microstructure of the sintering compact, which influences further densification and 
microstructure development. In stage 2, rearrangement decreases and the 
solution-precipitation mechanism become dominant [110, 111]. The major process during the 
solution-precipitation process is densification and coarsening of the microstructure. There 
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are two models of densification; first is the densification by flattening [112] and the 
densification accompanied by Ostwald ripening [113], see Figure 2-29. The third stage, 
densification speed slows down and the microstructures are coarsening.  
 
  
(a)                (b)                 (c)                  (d) 
Figure 2-29. Two densification mechanisms of liquid state sintering (a)&(b) is the Oswald 
ripening (dash area represents liquid phase), and (c)&(d) by contact flattening. [114] 
 
Therefore, compared to the solid state sintering process, liquid state sintering has higher 
efficiency in promoting powder sintering at lower sintering temperatures. So, in order to 
promote yttria powder sintering, sintering aids were designed and added into yttria powder 
to form low temperature liquid transient phases to help enhance the yttria based face coat 
sintered at relatively low temperatures. 
 
2.3.3 The other factors which can influence the sintering properties of the powder 
There are many other factors that affect the sintering properties of face coat filler powders 
such as particle size and distribution, particles shapes and particle structures, particle green 
densities as well as the sintering temperatures [115-121]. 
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2.3.3.1 The powder particles size and distribution 
The sintering properties of a powder compact are strongly dependent on particle size. The 
reduction of particle size can accelerate sintering, and enhance sintering rates at lower 
sintering temperatures [115]. E.g. for sintering nano-sized yttria powder, the actual sintering 
temperature is 1000 °C, much lower than its theoretical sintering temperature around 
1700 °C [116, 117]. But, the smaller the particles size, the increased chance for them to 
agglomerate and accelerate the hydration of the particles in the solutions due to the larger 
electrically charged surface.  
 
2.3.3.2 Particle shape, structure and compact 
Particle shape influences primarily the initial packing or green density. Mohamed N (2008) 
[118] illustrated that the deviation from the spherical or equiax shape leads to a reduction in 
the packing density and a reduction of densification. Compacts of acicular (elongated) 
particles can be sintered to high density only if the powder particles are aligned during 
packing. Normally, the wider the particle size range the denser the green compact, and the 
better the sintering. Most alloy powders tend to have more spherical shapes while oxide 
powders have angular or irregular shapes. Figure 2-30 and 2-31 shows the different 
morphology of oxide powders and alloy powders. 
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Figure 2-30. A SEM image of TiO2 powders.[119] 
                    
 
 
Figure 2-31.  Scanning electron images of (a) pre-alloyed Al 2124, (b) Al 6061, (c) Sn, (d) 
Pb, (e) Mg and (f) PEMA powder [120]. 
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2.3.3.3 Sintering temperature and speed 
The heating schedule and isothermal sintering temperatures are very important for the 
powder compact to achieve final density. Rather than very simple heating and cooling cycles, 
industrially sintered power always has a more complicated heating profile, and each heating 
and holding stage has a different purpose. There are at least 5 basic stages for sintering 
powder. Stage 1 is the binder burn out; stage 2 is the low temperature soak to promote 
homogenization or the reaction of powder components, e. g. sintering precursor 
decomposition; stage 3 is the heating-up to the sintering temperature; stage 4 is the 
isothermal sintering; stage 5 is the cooling down stage. A example of real sintering profile by 
sintering Fe-1.25 Mo-1.4 Ni-0.42 Mn (wt%) powder is illustrated in Figure 2-32 [121]. 
 
 
Figure 2-32. The heating cycle of Fe-1.25 Mo-1.4 Ni-0.42 Mn (wt%) powder. 
 
A higher sintering temperature can enhance powder sintering by promoting mater diffusion 
and transport speed, but needs to avoid grain coarsening taking place rather than 
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densification. Sometimes, the industry will have some specific heating profiles that can give 
the highest economic benefits. 
 
2.3.4 Sintering additives 
In order to explore the needs sintering aids to help a yttria face coat sinter at a lower firing 
temperature, a lot of research has been done and the effective elements or compounds are 
listed below： 
 
2.3.4.1 Titanium oxide (TiO2) 
Titanium dioxide exists in nature as the well-known minerals rutile, anatase and brookite. It 
has three different forms, a monoclinic baddeleyite-like form, an orthorhombic α-PbO2-like 
form, and the equilibrium form rutile [122]. TiO2 has the density of around 4×10
3 kg/m3. 
Gasgnier, G and his co-workers in 1994 [123] found that a small amount of titanium oxide 
can effectively enhance the sintering properties of yttria at a lower sintering temperature 
compared to other metal oxides. Fully dense of yttria parts can be produced by sintering at 
1400 to 1500 °C. They also reported that the basic mechanism reducing the yttria sintering 
temperature by adding TiO2 is that titanium oxide will form some low temperature 
eutectic/eutectoid phases with yttria, these transient liquid phases will promote grain growth 
therefore densification of the ceramics.  
 
The effect of using different titanium doped yttria compounds are listed in Table 2-10 from 
                                                                                                                                    
Chapter 2-Literature review 
 52 
Gasgnier, G [123]. The most effective titanium containing species is Y2TiO5 and Ti (OC4H9)4. 
Based on this research, the TiO2 lower the yttria powder sintering temperature around 300 °C. 
Therefore, the sintering temperature reduces from 1700 °C for pure yttria to around 1400 °C 




Figure 2-33. A typical microstructure of yttria samples containing 0.2 wt% titania and 
sintered at 1500 °C for 3 hrs. [123] 
 
US patent 5,308,809 [124] and 5,508242 (A) [125] published in 1994, also added titanium 
oxides into the yttria powder, reducing this densification temperature from 1700 °C to 
1300 °C. This brings a huge advantage to the manufacture of transparent yttria. The titanium 
and yttrium oxide will form Y2TiO5 and Y2Ti2O7 liquid phases at temperatures around 
1300 °C, which is the main method of promoting yttria particle sintering from solid state 
sintering to liquid state sintering. 
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Table 2-10.  The relative densities of samples containing titanium oxide and fired at 
1500 °C for 3 hrs. 
Additive used 0.2 wt% additive 1 wt% additive 
TiO2 anatase -- 96.0 
Y2Ti2O7 84.5 99.0 
Y2TiO5 90.5 99.6 
Ti(OC4H9)4 98.8 99.5 
 
2.3.4.2 Boron oxide (B2O3) 
Boron oxide is a semi-transparent or white crystal. It has a melting temperature of around 
450 °C with density around 2.46×103 kg/m3 [122]. It is moderately soluble in water to form 
boric acid, which is a weak acid. Boron oxide has generally low chemical reactivity, is used 
as an insecticide, as the starting materials for the synthesis of other boron compounds, a 
fluxing agent in glass and a bonding agent in the hot isostatic pressing of boron nitride 
ceramics [126]. 
 
US patent No 2,007,161,499 (A1) [127] used B2O3 powder to aid the sintering Y2O3. In this 
work, boron oxide powder was added to Y2O3 around 0.2 wt% to 23.6 wt%. The 
densification process of the powder compact begins from 1000 °C, and is explained by the 
formation of Y3BO6 phases. Y3BO6 phase forms at a temperature of around 1130 °C and the 
powder densification rate is enhanced by liquid phase sintering. The secondary densification 
take place at temperatures around 1600 °C, at this sintering temperature Y3BO6 will 
transform to YBO3, and a new sintering mechanism is established which enhances the 
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powder densification further. 
  
2.3.4.3 Zirconia (ZrO2) 
Zirconia has a density of 5.68×103 kg/m3 and melting temperature of 2715 °C, and has three 
different crystal structures; monoclinic, tetragonal and cubic dependent on temperature. ZrO2 
is wildly used in dental applications as crown and tooth bridges. [122] 
 
Japanese patent 2,005,075,726 [128] and WO 2,007,107,954 [129] used ZrO2 powder 
blended with ThO2 and HfO2 to achieve very high density components. The benefits of these 
sintering additives are that they can oppress the grain growth of the yttria by a solute drag 
mechanism [130]. But the sintering atmosphere in those two patents was in a hydrogen 
atmosphere and with a very high sintering temperature around 2000 °C. By checking the 
Y2O3-ZrO2 phase diagram [131], yttria interacts with ZrO2 at very high temperatures, so the 
use of pure ZrO2 as a single additive is not efficient in enhancing yttria sintering. In this 
work, ZrO2 powder was added with other additives to help yttria sintering.  
 
2.3.4.4 Alumina (Al2O3) 
Aluminium oxide has the theoretical density 2.40-3.97×103 kg/m3 [122]. It shows a pH value 
around 7-9 and has a melting temperature of 2072 °C. Because of the poor thermal and 
electrical conductivity and high melting temperature, it is normally used as a refractory 
material for many industrial applications.  
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Alumina was added to yttria powder to form new components long time ago, and these 
compounds are called YAG (Y3Al5O12) [132], YAP (YAlO3) [133, 134] and YAM (Y4Al2O9) 
[135]. US patent 4,166,831 [136] added a small amount of Al2O3 with a range from 0.01 to 5 
wt% into yttria (optimum range of 0.05 to 0.25 wt%) to enhance powder sintering. The 
patent also pointed out that the Al2O3 can also be added as a sintering precursor such as Al 
(NO3)3 and Al (OH)3, etc. The method first sieved the powder to get a particle size of less 
than 100 µm, and first sintered at 1000 °C for one hour, then the powder was heated to a 
temperature around 1700-1850 °C in air for more than one hour for sintering. 
 
2.3.4.5 Lanthanum oxide (La2O3) 
Lanthanum oxide is a white solid that is insoluble in water, but soluble in dilute acid. It has a 
theoretical density of around 6.51×103 kg/m3 with a high melting temperature about 2315 °C. 
It is widely used to make optical glass and as an ingredient in the manufacture of 
piezoelectric and thermoelectric materials [122]. 
 
Rhodes, W. H. (1981) [137] and Patent No Japan 5294722 [138] used lanthanum oxides to 
promote yttria powder sintering at temperatures around 1500-1700 °C, obtaining nearly fully 
dense yttria compacts. Huang, Y. H et al, (2006) [139] studied the sintering mechanism of 
lanthanum doped yttria and found that La ions can enhance the grain boundary mobility of 
yttria, which can promote the densification process during sintering. US patent 4,115,134 
[140] also reported the effective use of lanthanum oxide to enhance yttria sintering. But the 
                                                                                                                                    
Chapter 2-Literature review 
 56 
problems of using lanthanum is that this sintering additive only works at a very high 
sintering temperature (>1500°C) to achieve full or near full density. 
 
Other rare earth metal oxides like CeO2 are also used to help yttria powder sintering (CN 
10111333 3(A)) [141]. The high density of the yttria powder compact is only achieved 
through a high sintering temperature similar to La2O3.  
 
2.3.4.6 Sintering precursor 
In order to obtain better sintering of yttria with small size (nano-scale) powder, a sintering 
precursor is used in industry. These sintering precursors include yttrium acetate, yttrium 
hydroxide, and yttrium carbonate etc. Sintering precursors have low decomposition 
temperatures (<1000 °C), and pure yttria oxides can be obtained through the evaporation of 
water and carbon monoxide or dioxides. This method can produce very fine yttria particles 
around nanometres in size. These small particles have a large surface area and tend to be 
very active at low sintering temperatures to promote the powder sintering. Rasmussen, M. D 
[142] and Ikegami et al [143] prepared nano-sized yttria powder by using an yttrium 
hydroxide precursor and this powder can be used to get nearly fully dense compact at 
temperature around 1000 °C. Gong, H et al [144] and Venkatachalam. N [145], Yu. Kopylov 
[146] also used yttrium carbonate and acetate to make very fine yttria powder. 
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2.3.5 Binder design  
The purposes of using a binder in the slurry are to assist filler particles bond to each other to 
have a reasonable green compact strength. The basic requirements of the binder are; [147] 
 
1) Filler particles can be suspended into the binder solution uniformly. 
2) The bonding provided by the binder between filler particles should be strong enough to 
withstand the forces generated by the molten wax during de-wax process. 
3) The residual element of the binder after face coat sintering should be chemically inert 
and giving no more interaction between the face coat and the molten metal during casting 
process. 
4) Binder should have a certain viscosity range to allow the slurry to be applied to the wax 
surface. 
5) Not expensive and easy to store. 
6) Should have a reasonable life. 
 
The binders used in slurries can be generally divided into two categories: one is organic, the 
other is inorganic. Organic binders usually used are the low temperature binders such as 
Polyvinyl alcohol (PVA) [148, 149], PVB (Polyvinyl butyal) [150], cellulose [150, 151] 
which can decompose and soften at temperatures around 150 °C. But for inorganic binders 
such as ceramic sols [152], they can be used at high temperatures up to 300 °C with no 
degradation taking place. 
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2.3.6 Summary  
The new type of water based binder face coat slurry development opens a new area of 
non-gelation slurry without using very costly colloidal sols as the binder. The long life of the 
slurry will be a large advantage for TiAl refractory shell applications. The conclusion Table 
2-11 compares this new system with existing face coat system. 
 
Table 2-11. The comparison of the new slurry and the commercial used slurry. 
Composition Traditional yttria slurry New designed slurry  
Filler Yttria-based powder 
(could be F-doped, YAZ) 
Sintering additives were added into 








8. Yttrium acetate 
9. Yttrium carbonate 
Binder Colloidal particle Sol  
(yttria sol [152]) 
De-ionised Water 
Anti-foam Burst RSD-10 [153] Burst RSD-10 
Wetting agent Victawet 12 [154] Victawet 12 
Polymer  option High temperature polymer; 
1. Poly vinyl alcohol 
2. cellulose acetate 
*Red colour shows the changed information 
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Chapter 3. Filler powder development 
 
The aims of this chapter were to make and select the best filler powder compositions to 
make slurry, which have superior sintering properties at low to medium sintering 
temperatures (1000-1200 °C). In this chapter, the new filler powder sintering properties were 
investigated through comparing their particle size and distribution, particle shape and linear 
thermal expansion rate at different sintering temperatures.  
 
3.1 Sample preparation 
3.1.1 Filler powder preparation. 
Based on the published data (Chapter 2), some sintering aids (sintering precursors and 
sintering additives, see Table 3-1) were selected and blended into 100 g of yttria powder 
(-200 mesh, 99% purity, Treibacher Industrie AG) at 0.15 and 2.0 wt%. These new filler 
powders were made by first dissolving the additives into de-ionized water and blended over 
night on a rolling mill. Then they were dried in a furnace at 100 °C for at least 8 hours. The 
added elements proportion (M %) of different oxides are calculated using equation 3-1. 









                                                     3-1 
where x and y are numerical constants in oxides MxOy,,  Mm  and Om  are the molecular 
weights of the metal elements and oxygen, e. g, for TiO2, from equation 3-1, the Ti % in this 
oxide is 60 %. The added amount of metal oxide x1 (g) (0.5 wt% of pure element) and x2 (g) 
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(2.0 wt% of pure element) into 100g of yttria powder can be calculated using equation 3-2 






















                                                    3-3 
 
Table 3-1. Sintering additives and their adding amount in 100 g yttria powder. 
Sintering additives wt% of pure element mol% of additives  Added weight (g) 
yttria -- -- -- 
Sol 
(contain 14wt% Y2O3) 
0.15 -- -- 
2.0 3.01 22.2 
B2O3 0.15 1.53 0.48 
2.0 17.4 6.51 
TiO2 0.15 0.70 0.25 
2.0 8.56 3.31 
CeO2 0.15 0.25 0.19 
2.0 3.10 2.43 
YF3 0.15 0.60 0.39 
2.0 7.43 5.18 
La2O3 0.15 0.13 0.18 
2.0 1.57 2.30 
Yttrium acetate 
(YC6H9O6) 
0.15 0.58 0.69 
2.0 7.70 9.84 
Yttrium Carbonate 
(Y2C3O9·3H2O) 
0.15 0.30 0.54 
2.0 3.94 7.46 
Yttria-0.5wt%Al2O3-0.5wt%ZrO2 (YAZ)     commercially  available   powder   
* Sol used in this experiment is yttria sol.(Nyacol Colloidal yttria sol ) 
 
3.1.2 Powder pellet preparation 
Powder pellets were made by pressing the powder in a steel die (13 mm diameter) using a 
InstronTM machine (series Number 4467H1959) with a constant pressure of around 22.6 MPa. 
Each powder pellet weighted 3.00 g, was 13 mm diameter. The binder used in this process is 
                                                                                                                                    
Chapter 3-Filler powder development 
 61 
a PGA water solution (15 wt%). The heights of the pellets depended on the powder particle 








3.1.3 Slurry preparation 
 
(a)                                (b) 
Figure 3-1. (a) Cylindrical shaped die, (b) powder pellet.   
 
3.2 Sample characterization 
3.2.1 Powder particle size and distribution test 
The particle size distributions of the various fillers were analyzed using laser powder particle 
size measuring equipment (Coulter LS230). Firstly, the powders were suspended into a 
glycerol solution, and then slowly poured into the test tube. As the particles passed through 
the orifice, they displaced an equivalent volume of the electrolyte and caused a change in the 
electrical resistance, the magnitude of which is proportional to the volume of the parties. The 
changes in resistance are converted to voltage pulses, which are amplified, sized and counted 
to produce data for the particle size distribution of the suspended particles.  
 
3.2.2 Density test 
When powders were sintered at temperatures around 1000-1300 °C, the density of the pellets 
  
13mm 
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was very difficult to measure using the Archimedes method due to the very loose structures 
(yttria has a high sintering temperature around 1700 °C). After considering these problems, 
the density of every powder pellet was measured by calculating a pellet‘s dimensional 
change before and after sintering at 1000 °C, 1200 °C, 1400 °C and 1600 °C for one hour in 
air. The pellets‘ densities were calculated using equation 3-4. For the measurement, a caliper 
with an accuracy of 10-5 m was used to measure the pellets‘ dimensional change after firing 
at different temperatures. In order to reduce the error, the density ρ, tested in this experiment 






                                                             3-4                                                                
where M is the mass of the pellets. 
 
3.2.3 Dilatometer test  
A dilatometer (DiL 402E, NETZSCH) was used to measure the powder compact linear 
dimension change during heating or isothermal processes up to a temperature of 1600 °C. 
The dilatometer technique provided accuracy of shrinkage measurement in a controlled 
environment. The shrinkage/expansion for a powder compact is defined as the change of 
dimension ΔL/L0, (where L0 is the initial length and ΔL= L-L0, where L is the actual length at 
time t) for certain time t. The structure of the dilatometer is shown in Figure 3-2 (a) & (b). 
During testing, the dimensional changes of the samples were recorded using a pushrod 
which pressed against the sample with a constant force. The movement of the rod was 
recorded by a computer. To obtain the true sample behaviour,, it necessary to correct the raw 
dilatometer data. In this experiment a corrected curve from standard Al2O3 is used to correct 
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                                (b) 
 
Furnace  Reference 
Specimen 
Thermocouple 
To electronic and 
data storage 
Push rod 
Furnace Measuring tube 
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                               (c) 
Figure 3-2. The dilatometer, (a) the equipment, and (b) the schematic diagram, (c) a example 
of the standard Al2O3 trace. 
 
3.2.4 Isothermal shrinkage Measurement  
Isothermal sintering is described as a process where the compact is sintered at a fixed 
temperature, and it is widely used to predict the sintering mechanism of the powder at 
different temperatures [156]. Because of the limitation of the heating rate, the powder 
compact will start to densify and the microstructure will change during the heating-up 
process, so some of the corrections should be made to this method before being used to 
predict the powder sintering behaviour. During testing, samples were heated at a rate of 
20 °C per minute to isothermal temperatures of 1000 °C, 1200 °C, 1300 °C and 1550 °C, and 
then cooled down at a rate of 20 °C per minute to room temperature. The shrinkage of the 
compact was measured as a function of time at each isothermal temperature.  
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3.2.5 Constant Rate heating shrinkage measurement (CRH) 
Constant rate heating sintering is described as a process in which a sample is heated at a 
constant rate to a specified temperature and immediately cooled. Constant heating rate 
experiments are usually used to analyze the powder sintering activation energy [157-159]. 
There were two heating profiles used in the isothermal temperature sintering test, 5 °C and 
10 °C per minute from room temperature to 1500 °C and then cooled down at the same rate. 
 
3.2.6 Scanning electron microscope 
A scanning electron microscope (SEM) was used to observe the sample surface 
characteristics to identify powder particle shapes and networks. Backscattered images and 
EDX analysis were also used to observe the powder compact microstructure and 
composition changes at different sintering temperatures. 
 
SEM samples were made by mounting these powder compacts (after sintering at different 
temperatures) into a transparent epoxy resin (epoxy resin was made by blending 25:3 by 
weight of EpoFix resin with a hardener, Struers), and allowing them to dry for around 8 
hours. The surface was then carefully ground and polished. Finally, the sample surfaces were 
carbon coated for the test.  
 
3.2.7 X-ray diffraction (XRD) 
The compounds formed after each isothermal sintering were identified using a Philips X‘pert 
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X-Ray Diffractometer with a Cu-Kα radiation (λ=1.540598Å).  
 
During the test, a monochromatic X-ray beam was projected on to the surface of the sample 
at incident angles with a range of 10 ° to 100 °. Diffracted rays were generated by the lattice 
spacing d of each element or compound, satisfying the Bragg equation: nλ=2dSinθ. The 
diffraction patterns were analyzed and indexed using the X‘pert High Score analytical 
software. 
 
3.3 Equations Derivation 
3.3.1 Constant Rate Heating (CRH) shrinkage 
Assuming an isotropic shrinkage of the green compact, the density ( )T  at a temperature T 
is given in following equation 3-5 [157]: 





                                                                   3-5 
Where, Lf and LT are the final length and the length at a temperature T of the specimen, 
respectively. f  is the final compact density measured by the Archimedes method. 
 
The material transport path and activation energy of diffusion at the initial sintering stage 
were studied by Koji, Matsui [156, 159], and sintering rate equation of the CRH method is 
defined as: 
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where, K is a numerical (rate) constant, γ is the surface energy, Ω is the atomic volume. D is 
the diffusion coefficient, t is the time (s), ρ is the density of the compact, T is the absolute 
temperature (K), k is Boltzmann‘s constant, a is the spherical particle radius and n and p are 
the sintering indices, which are dependent on the diffusion mechanisms. Q is the activation 
energy (kJ/mol), R is the gas constant, ( , )f n  is the density function which depends on n, 
and D0 is the pre-exponential term defined as: 
 
D=Do exp(-Q/RT).                                                         3-8 
 
3.3.2 Isothermal shrinkage 
The sintering-rate equation for isothermal shrinkage during the initial sintering stage in 
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Where the numerical constant n in the equation 3-9 and 3-10 depends on different sintering 
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Table 3-2.The n values for each sintering mechanisms  
Mechanisms n 
Dissolution-precipitation process controlled by diffusion [160]   ~0.10 
Grain boundary diffusion [161]   0.25-0.31 
Bulk diffusion [161]    0.33-0.5 
Vapor diffusion [162]  ~0.66 
 
Johnson and Cutler (1963 & 1969) [161, 164] reported that equation 3-10 was not entirely 
satisfactory for the kinetic analysis of isothermal sintering due to the errors in sintering data 
and times. These errors were introduced through pre-sintering taking place before the sample 
temperature reached the isothermal holding temperature. The correction to equation 3-10 can 
be made through applying a correction factor L , so that, ΔL became ΔL+ L , L0 became L0 
+ 0L , and t became (t-t0) [156]. Equation 3-10 was then changed to: 
 0
0
log log log( )
p
L L K D
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                                  (b) 
Figure 3-3. The shrinkage and expansion trace for the powders. (a) The real temperature 
profile and (b) the change of the powder compact length from heating to isothermal step 
[156].  
 
From Figure 3-3, it can be seen that, instead of using the real sample dimension, Koji‘s new 
method uses the sample dimension when the isothermal heating starts as the new Lo 
(supposing that sintering starts at this temperature). But, as can be seen from the picture, the 
powder compacts have already sintered with the reduced thermal expansion rate before its 
isothermal temperature (the sintering onset temperature should be the temperature where the 
compact‘s linear expansion finishes). If no sintering takes place, powder compacts should 
keep on linearly expanding until the holding temperature. Therefore in this thesis, a new 
correction method was developed and used, supposing to describe the powder sintering 
behavior more accurately. This new method used a corrective length ∆L(cor) to replace ∆L, a 
corrected isothermal sintering time (t-to) to replace t in equation 3-10. This new method will 
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be introduced in the discussion part later in this chapter. 
 
3.4 Results and Discussion 
3.4.1 Powder particles size distribution 
Some of the samples‘ particle size and distribution are shown in Figure 3-4, and powders d10, 
d50, d90 and mean radius values of each sintering additive are reported in Table 3-3: 
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yttria pure 200 mesh 
 
                                  (b) 
Figure 3-4.Particles distribution of (a) B2O3, and (b) CeO2 addition. 
 













          Samples ID   d10   d50 d90 dmean 
Yttria                           1.15 9.534 38.15 14.88 
Yttria + Sol                     2.0 wt%  1.23 9.54 37.23 12.06 
YF3                           2.0 wt%                           1.278 11.45 39.02 12.95 
La2O3                          0.15wt%  0.863 7.317 31.77 13.22 
YAZ 0.978 9.206 37.81 13.78 
Yttrium Acetate                  2.0wt% 0.746 9.911 39.9 14 
Yttrium Carbonate                2.0wt% 1.613 8.911 31.14 14.27 
TiO2                           0.15wt%  0.994 10.73 36.50 14.64 
TiO2                           2.0wt%  0.933 9.010 28.06 14.8 
B2O3                           2.0wt%  1.122 10.47 40.68 15.025 
La2O3                          2.0wt%  1.742 14.12 38.97 17.44 
CeO2                           2.0wt%  0.984 9.404 37.48 17.48 
Yttrium Carbonate               0.15wt% 1.019 7.754 52.58 19.325 
CeO2                          0.15wt%   0.985 10.11 37.4 19.5 
B2O3                          0.15wt% 1.728 16.27 44.39 20.53 
YF3                                         0.15wt% 2.66 18.16 46.45 21.49 
Yttrium Acetate                 0.15wt%  3.149 13.96 46.24 21.66 
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Table 3-3 shows that, all the filler powder has similar mean particle size of around 12-20 µm 
and distribution. The average d10 is around 1 µm, d50 around 9 µm and d90 around 40 µm. 
Compared to pure yttria filler powder, the addition of some of the sintering additives will 
influence mean filler particle size due to powder particle agglomeration. The smallest mean 
particle size is 12.06 µm by adding 2.0 wt% sol to yttria, followed by filler powder with 
2.0 % YF3 and 0.15 % La2O3. Otherwise, the sintering precursor with 0.15 % Yttrium acetate 
added has the largest mean particle diameter. The different filler particles and distributions 
may influence the future powder sintering properties. 
 
3.4.2 Sintered pellets density 
Powder pellet densities at different sintering temperatures are reported in Table 3-4. As can 
be seen, powder green compact density is different for different filler powders, which was 
influenced by powder particle size, distribution, shape, etc. Pure yttria powders, YAZ, yttria 
with TiO2 and CeO2 groups have very high green compact density before sintering. After 
isothermal sintering in air for one hour, the powder compacts with high green compact 
density seem to have a larger density increase than the compacts with low green density, e.g. 
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Table 3-4. The density of the powder pellets at different isothermal sintering temperatures in 




























After sintering at a temperature of around 1000 and 1200 °C, nearly all the powder compacts 
showed a decreased density change compared to their green density, and these powder 
compact samples were very loose and easily be broken during measurement. These 
decreases in powder compact density at temperatures from 1000-1200 °C may be explained 
by evaporation of the water and burning out of polymer binder in the compacts which 












Yttria  2.9 2.89 2.9 2.95 3.05 
Yttria + Sol       2.0 % 2.51 2.01 2.51 2.53 2.56 
TiO2            0.15% 2.88 2.87 2.85 2.86 3.05 
TiO2                  2.0% 2.89 2.85 2.86 2.90 3.01 
YAZ 3.01 3.00 2.98 3.04 3.18 
La2O3            2.0% 2.82 2.72 2.74 2.78 2.83 
La2O3           0.15% 3.00 2.98 3.02 3.00 3.08 
CeO2            2.0% 3.035 3.03 3.02 3.06 3.08 
CeO2            0.15% 3.04 3.02 3.02 3.03 3.04 
Yttrium carbonate  0.15%   2.75 2.59 2.74 2.67 2.79 
Yttrium carbonate  2.0% 2.79 2.72 2.75 2.74 2.84 
Yttrium acetate    0.15% 2.84 2.79 2.81 2.78 2.80 
Yttrium acetate    2.0% 2.57 2.38 2.37 2.42 2.51 
YF3             2.0% 2.78 2.71 2.66 2.67 2.75 
YF3             0.15% 2.86 2.82 2.82 2.8 2.92 
B2O3            0.15% 2.92 2.92 2.88 3.01 ---- 
B2O3            2.0% 2.67 2.45 2.5 2.55       ---- 
* B2O3 group has large pellet volume expansion due to new phases forming when sintered at 1600 °C, 
and the volume of the compact anisotropic expanded making it difficult to calculate their density. 
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Because of the loose structure of these powder compacts, some experimental errors may 
have taken place during the measurement for accurately calculating the densities. 
 
Total density change (Δρ%) of the pellets after being sintered at different isothermal 
temperatures were calculated using equation 3-12 and the density increase (%) was reported 








                                                     3-12 
where, o is pellet green density, and T is the pellet density after sintering at temperature (T) 
for one hour. 
 
As can be seen from Table 3-5, the powder compact with sintering precursors added (e.g 
yttrium carbonate, yttrium acetate, and sol) have the largest volume expansion at the 
sintering temperature of around 1000 °C. These very large volume expansions of the 
compacts may due to evaporation of the sintering precursors, and the larger the amount of 
precursor the larger of the powder compacts volume expanded. Meanwhile, powder 
compacts with more sintering additives seemed to have higher volume expansion at 
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Some samples such as 2.0 wt% B2O3, 2.0 wt% yttrium acetate and YF3 2.0 wt% show a 
decreased density (compact expansion) even when sintered at very high temperatures such as 
1600 °C, but with a very quick densification rate. The high temperature compact volume 
expansion can be explained by the interaction between yttria powders and sintering additives 
(shown in later XRD results), the release of heat during these processes caused the compact 
volume to expand. Normally, this internal reaction process is accompanied by new phase 










Yttria -0.34  0.00  1.72  5.17  
Sol                  2.0% -19.92  0.00  0.80  1.99  
TiO2                0.15% -0.35  -1.04  -0.69  5.90  
TiO2                         2.0% -1.38  -1.04  -0.35  4.15  
YAZ -0.33  -1.00  1.00  5.65  
La2O3                2.0% -3.55  -2.84  -1.42  0.35  
La2O3               0.15% -0.67  0.67  0.00  2.67  
CeO2                2.0% -0.16  -0.49  0.82  1.48  
CeO2               0.15% -0.66  -0.66  -0.33  0.00  
Yttrium carbonate     0.15% -5.82  -0.36  -2.91  1.45  
Yttrium carbonate     2.0% -2.51  -1.43  -1.79  1.79  
Yttrium acetate       0.15% -1.76  -1.06  -2.11  -1.41  
Yttrium acetate        2.0% -7.39  -7.78  -5.84  -2.33  
YF3                 2.0% -2.52  -4.32  -3.96  -1.08  
YF3                0.15% -1.40  -1.40  -2.10  2.10  
B2O3               0.15% 0.00 -1.37 3.08 --- 
B2O3                2.0% -8.24  -6.37  -4.49         --- 
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3.4.3 Dilatometer test results  
An example of a dilatometer test trace of the pure yttria filler is shown in Figure 3-5 together 
with annotations. 
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                               (d) 
Figure 3-5. (a) The thermal expansion trace for the isothermal shrinkage test (20 °C/min 
heating to 1550 and 20 °C/min cooling down) of yttria -200 mesh powders, (b) the 
expansion rate of heating, (c) isothermal shrinkage rate and (d) expansion rate on cooling 
 
During heating, the trace can be divided into three regions as shown in Figure 3-5. A slight 
dimensional shrinkage of each sample taking place in region 1 corresponds to machine 
offsetting problems. Region 2 is the expansion stage. In this stage, as the temperature 
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increased, samples firstly exhibit a linear increase in their dimensions until point 1 is reached 
(see Figure 3-5 (a)). Point 1 is the linear expansion end point, after that, the powder will 
begin to shrink but the overall length is still increasing. Region 3 is the sintering stage. In 
this stage, the rate of sample expansion reduces after point 1. After point 2, the rate of 
shrinkage exceeds the rate of expansion, and the powder pellets show a net shrinkage. 
During the isothermal heating process, the powder will firstly suffer a rapid volume 
reduction, and then the densification rate will slow down after a few minutes to a constant 
value (Figure 3-5 (c)). When powder pellets cooled down, they underwent a linear shrinkage, 
which was of similar magnitude to that seen during heating but in the opposite direction.  
 
Some powder pellet dilatometer traces for isothermal sintering at 1550 °C for one hour are 
shown in Figure 3. 
 
 
                                  (a) 
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                                       (b) 
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                                     (d) 
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                                 (f) 
 
 
                                 (g) 
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                                (h) 
 
                                (i) 
Figure 3-6. Powder pellet dilatometer traces for the isothermal sintering at 1550 °C:  (a) 
YF3 addition, (b) TiO2 addition, (c) YAZ powder (99 wt% yttria, 0.5 wt% alumina, 0.5 wt% 
zirconia), (d) La2O3 addition (e) CeO2 addition, (f) yttrium carbonate addition, (g)Yttrium 
acetate addition, and (h) yttria sol addition, (i) B2O3 addition. 
 
Powder sintering onset temperatures, total shrinkage after sintering, and temperature where 
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sintering rate was equal to the expansion rate in Figure 3-6 are summarized in Table 3-6, 3-7 
and 3-8 below. 
 
Table 3-6. Powder sintering start temperature (point 1 in Figure 3-5): 
Samples           Sintering start temperature (°C) 
Yttria                                                       1000   
Sol        2.0wt%                                                       800    
YC       0.15wt%                                                       800  
YC        2.0wt%                                                       840 
B2O3      0.15wt%                                                       840 
YF3       0.15wt%                                                        840         
TiO2       2.0wt%                                                       850   
YAC      0.15wt%                                                       900 
YAZ                                                        950 
La2O3     2.0wt%                                                      1000 
La2O3      0.15wt%                                                      1000 
YF3       2.0wt%                                                      1000 
TiO2     0.15wt%                                                      1010 
CeO2      2.0wt%                                                      1031 
CeO2     0.15wt%                                                        1031 
YAC      2.0wt%                                                        1100 
B2O3      2.0wt%                                                        ------ 
*Key: B2O3 2.0wt% forms a high temperature phase formation around 800 °C. 
 
As can be seen from Table 3-6, rather than sintering at the isothermal temperature at 1550 °C, 
all powder compacts have already begun to sinter/densify during the heating cycle as shown 
by the decrease in linear thermal expansion rate. Compared to pure yttria powder, a small 
amount of sol added into the powder reduced the sintering starting temperature by around 
200 °C from its original 1000 °C. Compared to the sol, sintering additives can enhance yttria 
powder sintering rate at temperatures below 1400 °C. The sintering aids like yttrium 
carbonate, boron oxide, and titanium oxide reduced the onset of sintering by about 
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150-200 °C. For example, commercially blended YAZ powder started to sinter at 950 °C, 
100 °C lower than pure yttria powder.  
 
Also, the magnitude of reduction of sintering start temperatures is also highly dependent on 
the amount of additives. For compounds with TiO2, CeO2 and La2O3, by increasing the 
amount of sintering aids, the powder densification rate was largely moved to a lower 
sintering temperature. However, for some of the additives, such as B2O3, yttrium carbonates 
(YC), yttrium acetate (YAC), the high added amount will lead to a retarded densification rate. 
These candidates seem to be more effective in small amounts.  
 
The powder dilatometer trace for 2.0 wt% B2O3 shows an abnormal volume expansion 
during the heating cycle around 850 °C. This dramatic volume change was closely related to 
a large exothermic effect, which may be due to the formation of a new phase. J. Madarasz et 
al [165] reported that a broad exothermic effect occurred by sintering 1:1 Y2O3 and B2O3 
powder from temperatures of 720-980 °C using DTA. This effect is due to the interaction of 
B2O3 and yttria to form YBO3. The formation of these transient liquid phases may enhance 
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Samples                    Shrinkage (dL/Lo)% 
Yttria                                                         1.2 
B2O3     2.0wt%                                                       7.3 
B2O3    0.15wt%                                                        6.8 
YAC     2.0wt%                                                        4.0 
Sol       2.0wt%                                                      3.75 
TiO2     0.15wt%                                                       2.8         
YF3     0.15wt%                                                        2.7 
TiO2     2.0wt%                                                        2.55 
YC       2.0wt%                                                         2.2 
YAZ                                                       2.1 
YAC     0.15wt%                                                       2.1 
CeO2     0.15wt%                                                        1.75 
YF3      2.0wt%                                                       1.5 
La2O3     0.15wt%                                                         1.2 
CeO2     2.0wt%                                                       1.2 
YC      0.15wt%                                                        1 
La2O3      2.0wt%                                                         0.8 
Samples        Temperatures (°C) 
Yttria                                                     1418     
B2O3         2.0wt%                                                    1099 
Sol          2.0wt%                                                   1100 
B2O3         0.15wt%                                                     1139 
TiO2         2.0wt%                                                   1200 
TiO2       0.15wt%                                                     1279        
YAC        2.0wt%                                                   1298 
YF3        0.15wt%                                                   1298 
YAC       0.15wt%                                                   1298 
YC         0.15wt%                                                   1318 
YAZ                                                    1318 
YF3          2.0wt%                                                     1358 
YC          2.0wt%                                                   1358 
CeO2        0.15wt%                                                   1418 
La2O3        2.0wt%                                                     1418 
La2O3          0.15wt%                                                   1438 
CeO2        2.0wt%                                                     1438 
                                                                                                                                    
Chapter 3-Filler powder development 
 86 
After isothermal heating at 1550 °C, the total shrinkage of the pellets is different for different 
sintering additive systems. Pure yttria powder has total linear shrinkage of only around 
1.2 % compared with its original dimensions, see Table 3-7. Yttria with 2.0 wt% sol added 
has a total linear shrinkage of around 3.75 %, which is equal to around 10.8 % in volumetric 
shrinkage. Powders with 2.0 wt% boron oxide have the largest volume shrinkage of around 
20.3 % followed by 0.5 wt% boron oxide at around 19.04 %. Powders using 2.0 wt% yttrium 
acetate also has very large volume shrinkage of around 11.5 %. The dramatic dimensional 
shrinkage causes very high density changes after the heating cycle. For other powder 
additives such as TiO2 and YAZ, the linear shrinkages are all larger than 2 %. However, large 
shrinkages or contractions of the powder may be harmful for face coat quality. These may 
cause de-lamination of the face coat from the backup coat. Therefore, the filler powder 
should be carefully designed. 
 
Table 3-8 illustrates the actual temperature for the onset of shrinkage for different sintering 
additive systems. From this table, it can be seen that the actual shrinkage of the powder 
compacts takes place at temperatures higher than the sintering start temperature. Therefore, 
powder sintering will not lead to densification taking place. For pure yttria powder, sintering 
starts at a temperature of around 1400 °C, similar to the published data [123]. By using sol as 
the binder, the filler powder begins to shrink at temperatures around 1100 °C, around 300 °C 
lower than pure yttria powder. Therefore, the benefits of using yttria sol as the binder in a 
face coat is not only to increase the green strength of the face coat, but also to enhance 
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powder sintering at temperatures around 1200 °C. Sintering additives can also decrease the 
powder sintering temperature as the sol does, such as B2O3 and TiO2, but some of the 
sintering additives seem to retard powder sintering, e.g. CeO2 and La2O3 at temperatures 
below 1600 °C. 
 
An example of the shrinkage trace of a YAZ sample sintered at different isothermal heating 
cycles is shown in Figure 3-7 (a) with the measured total shrinkage of the powder at each 
heating cycle. Figure 3-7 (b) & (c) illustrate that the expansion rates of the powder compacts 
during heating were nearly the same, but the shrinkage rates were different dependent on the 
isothermal temperatures. Higher isothermal temperature caused a higher shrinkage rate. The 
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Figure 3-7. (a) The isothermal shrinkage trace of YAZ powder at different isothermal 
temperatures: 1000, 1100, 1200, 1300, and 1550 °C, (b) the expansion rate during the 
heating cycle, and (c) the shrinkage rate at different isothermal temperatures. 
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Table 3-9. The total linear shrinkage after sintered at different isothermal heating. 
Isothermal temperatures 1000 °C 1100 °C 1200 °C 1300 °C 1550 °C 
YAZ 0% -0.22% -0.43% 0.55% 1.75% 
*Negative symbol represents expansion 
 
From Figure 3-7, it seems that for different isothermal sintering temperatures, the sintering 
behaviour of the YAZ sample is different. Higher isothermal temperatures cause a faster 
densification rate with a higher sintering density. But it should be noted that, if powders are 
sintered below the temperature at which expansion is equal to shrinkage, point 2 temperature 
(defined in Figure 3-5), increasing sintering temperatures may cause the powder sintering 
but without densification. 
 
Although the isothermal sintering starts from a different shrinkage rate (see Figure 3-7 (c)), 
the powder densification rate is then gradually slowed down and stabilized at a constant rate 
at that temperature. Therefore, the densification of the powder pellets is a temperature 
dependent process rather than time. So that, long sintering times of the powder at 
temperatures below the shrinkage temperature (e.g. lower than 1300 °C) will not lead to a 
high density. Some powders‘ isothermal heating traces with 2.0 wt% additives are shown in 
Figure 3-8. 
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                                      (e) 
Figure 3-8. The isothermal shrinkage curves for different sintering additives at different 
sintering temperatures. (a) YF3 2.0 wt%, (b) TiO2 2.0 wt%, and (c) B2O3 2.0wt% (d) CeO2 
2.0 wt%, and (e) La2O3 2.0 wt%. 
 
As can be seen from Figure 3-8, similar to YAZ powder described previously, all the powder 
compacts showed a volume expansion when sintered at temperatures below 1200 °C. Higher 
temperatures caused more shrinkage to take place at the same isothermal sintering time. It 
seems that powders with B2O3, TiO2 and YF3 additives have larger shrinkage taking place 
than the powders containing La2O3 and CeO2 at the same sintering temperatures. 
 
Powder sintering behaviour is not only influenced by the sintering temperatures, but also 
affected by the heating rate during heating cycles. Figure 3-9 shows the sintering behaviour 
of YAZ powder using different heating rates.  
                                                                                                                                    


















































                                  (b) 
Figure 3-9. Constant rate heating (CRH) of YAZ powder (a) dL/Lo% linear shrinkage curve 
at different temperatures, (b) the shrinkage rate ((dL/Lo)%)/dT curve. 
 
From the above curves, it can be seen that, by changing the heating rate of the pellets from 5 
to 10 °C /min, the sintering curve is changed with around a 25 °C shift taking place at the 
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TiO2 2wt% 5 degC/min
TiO2 2wt% 10degC/min
 






















                                      (d) 
Figure 3-10. The constant heating shrinkage rate of different powder pellets. (a) sol, (b) 0.15 
wt% B2O3, (c) 2.0 wt% TiO2 and (d) 2.0 wt% YF3. 
 
From Figure 3-10 it can be seen that, except for the sol added yttria powder, by decreasing 
the heating rate, the same shrinkage of the powder compacts can be achieved at lower 
temperatures (around 20 to 40 °C below its original value). Therefore, a slower heating rate 
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seems to be more beneficial in promoting powder sintering during the heating process. 
 
3.4.4 Powder sintering microstructure  






























Figure 3-11. Yttria -200 mesh powder pellet surface after sintering at 1600 °C for 1 hour. 
 
As seen from Figure 3-11, yttria -200 powder particles have a wide range of particle size 
 
  
Small particles agglomeration Agglomerated Small particles  
  
Powder matrix Local densification area 
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distributions from 0.1 µm to hundreds of micrometers. The particle shape of these powders 
is irregular and angular. Small particles tend to fill the gaps between large particles in the 
matrix or are forming agglomerated grains with high packing density observed. 
 
3.4.4.1 Powder particle size effect  
After sintering at different temperatures, due to the different surface area between the small 


























Figure 3-12. SEM images for small particles (~10 µm) of sample 2 wt% TiO2 addition 










                                                                                                                                    






























Figure 3-13. SEM images of large particles (~30 µm) of sample 2 wt% TiO2 addition powder 
pellet surfaces after sintering at (a) 1200 °C, 1400 °C (b) and 1600 °C (c) for 1 hour. 
 
Comparing the powder microstructures in Figures 3-12 and 3-13, the obvious neck growth 
between small particles seems to start at a lower sintering temperature (around 1400 °C) 
when compared to larger particles, which take place at around 1600 °C. 
 
3.4.4.2 The effect of additive elements 
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Figure 3-14. EDX mapping of a sample of 2 wt% TiO2 surface after sintering at 1200 °C for 
1 hour.  
 
Figure 3-14 shows that the sintering additives in the powder are non-uniformly distributed 
with higher concentrations in some areas. During sintering, these additive elements diffuse 















Figure 3-15. ‗Mushroom‘ shaped liquid phase formation of 2.0 wt% TiO2 pellet surface after 
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The enhanced diffusivity of the material between powder particles by adding sintering 
additives was first observed as the change of particle shapes (the edges of the  powder 
particles changed from sharp to smooth) (Figure 3-16 (a)). When increasing the sintering 
temperature, the amount of material diffusing between particles was increased and bonded 
particles together (Figure 3-16 (b)). Then, the powder compact will quickly densify within a 




Figure 3-16. 0.15wt% YB Powder Microstructure at, (a) 1200 °C, and (b) 1400 °C. 
 
The powder densification process can be observed at temperatures of 1000, 1200, 1400 and 
1600 °C and are shown in Figure 3-17. 
                                                                                                                                    




Figure 3-17. 2 wt% B2O3 addition powder sintered at (a) 1000 °C, (b) 1200 °C, (c) 1400 °C, 
and (d) 1600 °C. 
 
A higher isothermal sintering temperature (Figure 3-17 (d)), powder with 2.0 wt% B2O3 
undergoes a quick densification taking place with pore elimination. The powder particle 
morphology changes to a circular shape with enclosing pores at the grain junctions. At the 
end of sintering, these pores will remain between grain boundaries, trapped between grains. 
 
3.4.4.3 The effect of sintering precursors (yttrium carbonate, yttrium acetate) 
With the use of sintering precursors, the microstructures of the powder compacts are totally 
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different from the powder using sintering aids (e.g. B2O3, YF3, CeO2. etc). This is because of 
the different density between the transformed oxides and the original organic compounds. 
When the precursor particles decompose, there are some holes generated in the powder 
matrix, see Figure 3-18. Because there are no additive elements that can assist in material 
diffusion during the sintering process, the densification rate for the precursor added powder 
systems will much slower than for the powder with added sintering aids. Sintering 
precursors used in this experiment have decomposition temperatures lower than 1000 °C.  
 
 
                               (a) 
Hole 1 
Hole 2 
                                                                                                                                    





Figure 3-18. Sintering precursor 2.0 wt% yttrium acetate powder pellets sintered at 1400 °C 
for one hour surface microstructures. (a) powder pellets matrix structures, and (b) the local 
decomposition area. 
 
As can be seen from Figure 3-18, there are two types of holes observed in the 2.0 wt% 
yttrium acetate samples‘ ground surface. One type of hole has morphology like an island 
with a narrow channel surrounding a locally dense area (see Figure 3-18 hole 1). A look at 
the central dense part illustrates that it consists of nano-size particles and EDX shows the 
composition of these small needle like particles is pure Y2O3. These holes may form due to 
the volume change of the organic compounds to oxides after the decomposition reaction. The 
other type of hole (hole 2) has a large size (more than 100 µm) with a shape similar to the 
original yttria particles. It is thought that the formation of these large holes may be due to the 
poor bonding between large particles which easily fall out during the sample preparation 
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process, e.g. grinding and polishing.  
 
Therefore, compared to all the sintering aids, metal oxide sintering additives can give a more 
uniform microstructure than sintering precursors. Sintering precursors added into pure yttria 
have some benefits in promoting powder sintering but seem unsuitable for using in face coat 
slurry. The large holes formed after the decomposition of precursor particles may influence 
the cast component surface quality and hence increasing the chance for the molten metal to 
penetrate into the face coat. It also seems to have very limited benefits to enhance the bulk 
powder sintering rather than small local areas. 
 
3.4.5 XRD test results 
The samples with 2.0 wt% sintering additives were sintered at different temperatures from 
1000 to 1600 °C, and the powder composition were detected and analyzed using their X-Ray 
diffraction patterns, see Figure 3-19.  
 
 
                                  (a)  
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                                    (b)    
                                   (c) 
 
                                   (d) 
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                                  (e) 
 
                                 (f) 
Figure 3-19. X-ray diffraction pattern of (a) 2.0 wt% YF3, (b) 2.0 wt% B2O3, (c) YAZ, (d) 
2.0 wt% TiO2, (e) 2.0 wt% La2O3, (f) 2.0 wt% CeO2. 
 
As can be seen from Figure 3-19 (a), by adding 2.0 wt% YF3 into pure yttria powder at 
different temperatures, the YF3 phase is only detected at a temperature of 1000 °C with 
unchanged yttria peaks appearing at high sintering temperatures. Because YF3 has an 
evaporation temperature of around 1000 °C [155, 166], high temperature sintering may 
cause the small residual YF3 phase to evaporate and thus is hardly detected.  
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Boron oxide in powder 2.0 wt% B2O3 will interact with yttria to form YBO3 at a temperature 
of around 1000 °C, and this new phase will transform to another yttrium borate Y3BO6 at 
higher sintering temperatures (1200°C), see Figure 3-19 (b). The formation temperature of 
YBO3 was detected by J. Madarász [165] at around 720-980 °C. The high temperature phase 
Y3BO6 reported by Boyer. D and Lin. JH [167, 168] has a formation temperature around 
1100 °C [169], and which was confirmed with this experiment observation of around 
1200 °C. 
 
By increasing the sintering temperature, TiO2 will interact with yttria to form Y2TiO5 at a 
around 1200 °C, then continuously increasing the sintering temperature Y2TiO5 will 
transform into a YTiO (fluorite) type at temperatures around 1400 °C. This test result was 
confirmed with the available binary phase diagram of Y2O3-TiO2 [170-172], and the Y2TiO5 
eutectic phase will only exist at temperatures below 1400 °C. At high temperature, fluorite 
type is the dominant structure. 
 
No element peak changes have been observed in the YAZ sample through all test 
temperatures. These unchanged peaks in Figure 3-19 (c) illustrate that there is no phase 
transformation taking place in the sample of YAZ (Y2O3-0.5wt% Al2O3-0.5wt% ZrO2) at 
these temperature ranges. Compared to the peak positions of pure yttria, the peaks of the 
YAZ sample had the same positions. By checking the binary phase diagram of Y2O3-ZrO2 
[131, 173-174] and ternary diagram of Y2O3-ZrO2-Al2O3 [175], small amounts of ZrO2 and 
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Al2O3 can dissolve into the yttria with increased crystal lattice parameter with no peak 
position change. Another explanation maybe that the amount of additives of ZrO2 and Al2O3 
were too low in this commercially available powder to be detected using this XRD tester.  
 
La2O3 peaks can be detected in samples by adding 2.0 wt% La2O3 into yttria at low 
temperature. By increasing the temperature, the peak intensity of La2O3 phase decreased and 
disappeared at a temperature of around 1600 °C. Rhodes [137] studied the effect of La2O3 in 
sintering a transparent yttria compact for laser device applications. His experimental results 
showed that after firing, there is no peak change by introducing around 2 wt% La2O3 into 
pure yttria, but the peak positions only slightly shifted to the low 2theta angle when sintered 
at high temperatures, which is similar to Yihua Huang [139]‘s finding by adding 9 wt% 
La2O3 into pure yttria. In their experiments, by adding around 9 wt% La2O3, Huang found 
the detected powder peaks 2theta angle position shifted to a lower angle by about 0.3 
degrees. These detected peaks shifts can be explained by the lattice expansion due to the 
solid-solution of lanthanum ions into the yttria crystal lattice [139, 176]. 
 
CeO2 peaks in Figure 3-19 (f) can be detected through test temperatures from 1000-1600 °C 
but with decreasing peak intensity. At high sintering temperatures (1600 °C), the CeO2 phase 
changed to a Ce2O3 phase and there is no evidence found to confirm that there is interaction 
between CeO2 and Yttria.    
 
Therefore, comparing the test results so far, sintering additive systems with B2O3, YF3, TiO2, 
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and YAZ were selected as the new filler powder to make the water based binder face coat 
slurry. 
                                                                                  
3.5 Conclusions  
Based on this research, sintering additives added into pure yttria -200 mesh powders can 
promote powder sintering at comparably low sintering temperatures, and they possibly could 
be used in slurries to enhance the sintering properties of the face coats.  
 
1. Sol used as a binder in the face coat can not only help filler powder particles uniformly 
suspend and increase the face coat green strength, but also can act as a sintering aid to reduce 
the powder sintering onset temperature by around 200 °C. The densification temperature 
reduces from 1400 °C for pure yttria powder to around 1100 °C with 2.0 wt% sol added in. 
 
2. Sintering precursors like yttrium acetate and yttrium carbonate can effectively promote 
yttria powder sintering due to the very reactive nano-sized particles formed on the 
decomposition of the precursors. However, because of the volume and density difference 
after the decomposition process, large holes will be generated and influence the powder 
compact quality. 
 
3. Sintering additives B2O3, YF3 and YAZ added into the yttria can effectively enhance 
material diffusion between particles at certain temperatures in the range between 
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1000-1200 °C.  
 
4. Sintering additive TiO2 retards the powder sintering at temperatures between 
1000-1200 °C, but it shows a very good performance after sintering at temperatures higher 
than 1300 °C. 
 
5. Sintering additives CeO2 and La2O3 will retard the powder sintering start temperature, and 
no obvious densification of the powder pellet was observed by using those sintering 
additives at temperatures between 1000-1500 °C from the isothermal shrinkage results. 
 
Therefore, comparing the test results so far, sintering additive systems with B2O3, YF3, TiO2, 
and YAZ were selected as the new filler powder to make the water based binder face coat 








                                                                                                                                    
Chapter 4-Face coat slurry development 
 111 
Chapter 4. Face coat slurry development 
 
In this chapter, new face coat slurries were made using the filler powders developed in 
Chapter 3. Then the new slurry and the face coat properties were characterized by measuring 
slurry life, microstructure, surface roughness, and sintering properties to compare to a 
standard sol based slurry. After these experiments, the best face coat slurries were selected 
and their chemical inertness was then examined in next Chapter 5. 
 
4.1 Experimental procedure 
4.1.1 Slurry preparation 
Slurries were prepared by mixing yttria powder (-200 mesh, 99% purity, Treibacher industrie 
AG)) with different additives into a polymer water solution (30 wt% polymer). Slurries were 
then rolled on a rolling mill at 25 °C for at least 2 days before use. The sol containing yttria 
face coats and the pure yttria water based binder face coat slurries (without sintering aids) 
were used as two baselines face coats to compare with the new slurry. The slurry formulation 
of both baseline and the newly developed slurry are shown in Table 4-1 and Table 4-2 
separately with filler loading 4.0 kg/litre. The backup coat used in this experiment was an 
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Table 4-1. The baseline yttria face coat slurry composition. 







Wt % in slurry 80 wt% 19.8 wt% 0.15 wt% 0.05 wt% 
Yttria+ sol 
(Baseline) 
yttria Yttria colloidal sol Victawet 12 Burst RSD-10 
Yttria+ water  yttria PV alcohol water solution Victawet 12 Burst RSD-10 
 








Wt % in 
slurry 
80 wt% 19.8 wt% 0.15 wt% 0.05 wt% 
YB Yttria+ 0.15wt%B2O3 Cellulose water 
solution 
Victawet 12 Burst RSD-10 
YF 2.0 Yttria + 2.0wt% YF3 PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
YF 0.15 Yttria + 0.15wt% YF3 PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
YAZ Commercial YAZ PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
YT 2.0 Yttria + 2.0wt% TiO2 PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
YT 0.15 Yttria +0.15wt% TiO2 PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
*There is no B2O3 2.0 wt% slurry due to the heavy interaction with polymer (mismatch of 
the pH value of B2O3 water solution and polymer). 
 
4.1.2 Shell preparation 
Test shell face coats were made by applying the face coat slurry to a wax cylinder of 15 mm 
diameter and, after draining off the excess, the pattern was stuccoed with pure yttria stucco 
(125-250 µm, Treibacher Industry AG) and dried over night. Then several backup coats were 
applied using the same method (around 7 layers). Each backup coat was dried at a 
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temperature of 21 °C, 50 % relative humidity, and an air speed of 0.2 m/s for 1.5 hours. 
Details of shells making processes are shown in Table 4-3. Upon completion, the moulds 
were de-waxed in a Quicklock BoilerclaveTM (Leeds and Bradford Boiler Company Ltd, UK 
in Figure 4-1), and then fired at different temperatures from 1000 to 1400 °C to produce a 
range of densities. The wax tube and green ceramic shell are shown in Figure 4-2. 
 


















Figure 4-1. Quicklock Boilerclave TM de-wax machine 






1 Face coat Mol 50/80 30 10% (0.1ms-1) 24.0 
2 Backup coat 1 Mol 30/80 30 50% (3ms-1) 1.5 
3 Backup coat 2 Mol 30/80 30 50% (3ms-1) 1.5 
4 Backup coat 3 Mol 16/30 30 50% (3ms-1) 1.5 
5 Backup coat 4 Mol 16/30 30 50% (3ms-1) 1.5 
6 Backup coat 5 Mol 16/30 30 50% (3ms-1) 1.5 
7 Backup coat 6 Mol 16/30 30 50% (3ms-1) 1.5 
8 Backup coat 7 Mol 16/30 30 50% (3ms-1) 1.5 
9 Seal   30 50% (3ms-1) 1.5 
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Figure 4-2. (a) The cylindrical wax pattern, and (b) the final tube shell.  
 
4.1.3 Slip cast test piece preparations 
The slip cast face coat shells were prepared by pouring the slurries into a rubber mould, see 
Figure 4-3. The slurries were then dried at room temperature for two days. After the slurry 




Figure 4-3. Rubber mould for preparation slip cast samples. 
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4.2 Sample characterization 
4.2.1 Slurry flow time 
Slurry flow time was determined by allowing a definite volume of slurry to flow through the 
orifice in the bottom of a metal flow cup (Series number of 405/4, orifice diameter 4.39 mm, 
viscosity range 200-1200 cSt, Flow time 20-80 s) shown in Figure 4-4. The flow time of the 
slurry was tested through the following steps: Firstly, seal the orifice (usually with a finger) 
and fill with test liquid until the cup is full. During the filling, make sure no bubbles and 
debris were in the test fluid. Secondly, removing the finger from the orifice and 
simultaneously start to time. At the first break in flow under the cup, stop the timer. This 
elapsed time represents the 'flow-time' of the slurry. This procedure was repeated at least 
three times to get an average flowing time for the slurry.  
 
 
Figure 4-4. The schematic diagram of flow cup 
 
4.2.2 Face coat slurry dilatometer test 
The dilatometer test is same as the method described in Chapter 3, which was used to test the 
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linear thermal expansion or shrinkage rate of the filler powder. For this test, samples were 




A Friability test was developed by S. Jones et al (2008) [177] to evaluate the ability of the 
face coat shell to withstand brush abrasion. Friability was quantified as weight loss per unit 
area due to mechanically brushing the sample surface. A higher friability value represents 
poor sintering and particle bonding, while the lower the value, the stronger the bonding 
between filler particles. The test sample tube and the brush used in this experiment are 
shown in Figure 4-5. Before the test, the shell tubes with different face coats were sintered at 
three different temperatures (1000 °C, 1200 °C, and 1400 °C) for one hour in air. The shell 
friability in this research is the average friability value from 5 shells.  
 
 
                  Figure 4-5. Test ceramic tube and the brush 
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4.2.4 Face coat surface roughness 
Shell surface roughness was measured using a roughness tester (Mitutoyo basic model, see 
Figure 4-6). The roughness of the sample was tested by using a probe lightly pressed on the 
sample surface. The movement of the probe was recorded when scratching the sample 
surface as the surface roughness profile. In this experiment, The arithmetical mean 
roughness (Ra ), which describes the average value of the departures from its centerline 






                            (b) 
Figure 4-6. (a) The Mitutoyo roughness tester, (b) the definition of Ra value. 
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4.2.5 Face coat surface microstructure 
Sample surface morphologies were studied using a scanning electron microscope (Joel 7000, 
Philips XL-30 series). Then the test face coat slurry surface characterizations were compared 
to the filler powder compact in Chapter 3, which can be used to explain the different 
sintering behaviors of the filler powder compact and the slip cast face coat sample. 
 
4.3 Results and discussion 
4.3.1 Slurry flow time 
The flow time of the yttria sol based slurry (4.0 kg/litre, no polymer added) was tested and 
shown in Figure 4-7. As can be seen, the useable life of this slurry is less than two hours 
from preparation, and after 2 hours blending, the flow time of this slurry increased 
dramatically and finally gelled.  
 
Figure 4-7. The flow time change of yttria sol based slurry at room temperature. 
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Meanwhile, the slurry life of the new face coat systems is depicted in Figure 4-8. As can be 
seen, the pure yttria water based binder slurry has a life of around 2 weeks, and the flow time 
increased quickly after around 18 days mixing. The slurries with fluoride doped (YF3) have 
the shortest life of around 11 days even with only 0.15 wt% added in, and the sintering 
additive TiO2 also shortened the life of the yttria slurry to around 10 days. Compared to YF3 
and TiO2, YAZ filler powder based slurries can be stabilized for around 41 days. The B2O3 
0.15 wt% added slurry has superior anti-gelation properties with the longest life of more than 
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Figure 4-8. (a) The flow time of the slurry, (b) the enlarged image of the selected region 
 
4.3.2 Face coat Friability 
Table 4-4 reports three baseline yttria face coat friability test results, two of them belong to 
the sol based pure yttria slurry. The sol in the slurry acts as the binder to strengthen the face 
coat. In the water based yttria slurry, the slurry viscosity and face coat strength is modified 
by adding high melting temperature polymer. The strengthening effect of the sol is mostly 
from the gelation of the face coat due to the chemical interaction of colloidal yttria and filler 
particles [84-88]. But for the polymer, the strengthening effect is mostly due to the physical 
interaction through the cross linking of the polymer in the face coats, thereby making the 
face coat more dense giving enhanced sintering [198]. 
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Table 4-4. Baseline yttria face coat friability test results at different sintering temperatures. 
Sample ID filler binder polymer Friability (g/m2) at different temperatures 
    1000 °C 1200 °C 1400 °C 
Yttria+ S Yttria Yttria sol ----- 48.2 ± 5.7 12.91 ± 2.6 3.12 ±0.7 
Yttria+ S+ P Yttria Yttria sol PV acetate 25.81 ±5.5 11.29 ±2.1 3.06 ±1.7 
Yttria+W+P yttria water PV alcohol 54.42 ±32.3 19.58 ±19.6 3.16 ±2.11 
 
In this experiment, the increasing sintering temperature will cause a decrease in friability 
values. Polymers as the strengthener were added into slurries (Yttria + S+ P) and (Yttria+ 
W+ P), whilst in the slurry (Yttria+ S) and (Yttria+ S+ P), sol was added as the binder. As 
can be seen from Table 4-4, sol and polymer both seem to have some benefits in enhancing 
the yttria face coat strength. Slurry (Yttria + S + P), with both polymer and sol added has the 
best performance with lowest friability at all temperatures and half of the friability value of 
the other group at the sintering temperature of 1000 °C. The strength of the face coat can be 
largely enhanced when both polymer and sol used together. The friability of the new 
designed face coats are shown in Table 4-5. 
 
Table 4-5. New designed face coat friability test results at different sintering temperatures. 
Sample ID      Friability (g/m2) at different temperatures 
 1000°C 1200°C 1400°C 
YB 0.15 34.31 ± 14.97 8.47 ± 3.32 3.21 ± 1.48 
YF 0.15 30.42 ± 6.63 9.86 ± 5.08 1.15 ± 0.41 
YF 2.0 25.31 ± 3.85 8.74 ± 1.09 3.83 ± 1.48 
YAZ 33.6 ± 20.07 13.06± 2.68 3.2 ± 1.12 
YT 0.15 64.04 ± 25.93 25.87± 17.62 1.92 ± 0.51 
YT 2.0 86.72 ± 53.15 34.35 ± 16.19 6.28 ± 0.19 
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As can be seen from Table 4-5, the increased sintering temperature caused a decreased 
average friability test value and standard deviation between different test moulds. Except for 
the face coat with added TiO2 sintering additive, the friability value of new face coat samples 
shows higher strength than Yttria + Sol (industry based) face coat at the sintering 
temperature of around 1200 °C.  
 
The face coat with 2.0 wt% YF3 added has very good strengthening properties when sintered 
at 1000 °C for one hour, with the lowest friability of around 25.31 g/m2. By sintering the YB 
0.15 face coat, it showed the smallest friability of only 8.47 g/m2 at the sintering temperature 
of 1200 °C among the group. Nearly all the friability values of the face coat dropped down 
to around 3 g/m2 when sintered at 1400 °C for one hour with the smallest test standard 
deviation around 1 g/m2. The superior strengthening properties of the new water based 
slurries at low sintering temperatures make these slurries possible candidates to replace the 
industry standard yttria sol based slurry giving longer life. 
 
4.3.3 Face coat surface roughness 
The surface roughness of different face coat systems is shown in Figure 4-9 when sintered at 
1200 °C for one hour. 
                                                                                                                                    


















Figure 4-9. The shell face coat surface roughness after sintering at 1200 °C for one hour. 
 
Compared to the standard yttria +sol slurry face coat in Figure 4-9, by adding the sintering 
additives into the slurry, the mould surface roughness (Ra) was increased. The increasing 
roughness of the shell face coat may due to the formation of the new phases at the shell and 
degradation of the shell surface quality (Figure 3-19, Chapter 3). The sample using YF 0.15 
face coat slurry system has the highest roughness among all the test shells after sintering at 
1200 °C for one hour, while the YAZ slurry face coat has the smoothest surface finish. 
Although the new slurry face coat systems seem likely to have higher surface roughness 
compared to the standard face coat, the maximum roughness difference between the best and 
the worst face coat is less than 3 µm. Therefore all the shell roughnesses are acceptable. 
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4.3.4 Surface microstructure 
The microstructures of the face coat surface were different from the filler powder compact 
shown in Chapter 3. Compared to the powder compact introduced in Chapter 2, the filler 
powders in the face coat samples were distributed uniformly with a reduced number of 
agglomerated grains observed, see Figure 4-10. 
 
                                  
(a) 
 
                                                                                                                                    





                               (c) 
 
                                                                                                                                    




Figure 4-10. Surface microstructure of the face coat slurry sintered at 1550 °C. (a) B2O3 0.15 
wt%, (b) YF3 2.0 wt%, (c) YAZ and (d) Y. 
 
4.3.5 Face coat dilatometer test 
The face coat sintering properties were studied using a dilatometer test similar to that in 
Chapter 3, and the anisotropic dimension changes of the face coat slip cast samples were 
tested during the heating and cooling cycles and compared to the filler powder compact. 
 
It can be seen from Figure 4-11 that all the samples have a similar thermal expansion rate at 
the early stage of the heating cycle. Compared to the pure yttria filler powder, the slip cast of 
Yttria + sol and new water based slurry face coat samples have a higher sintering rate after 
heating to temperatures above 1300 °C. The sintering temperature started for the Yttria + Sol 
                                                                                                                                    
Chapter 4-Face coat slurry development 
 127 
sample at around 1150 °C, and for yttria + W at around 1170 °C, they are 150 °C and 170 °C 







































                                         (b) 
Figure 4-11. The dilatometer test trace for constant heating profile, (a) the overall trace, and 
(b) the dimension change rate trace during heating cycle. 
Sol evaporation peaks 
 
                                                                                                                                    
Chapter 4-Face coat slurry development 
 128 
During the heating stage, for the water based binder yttria slurry face coat sample, there is an 
obvious dimensional shrinkage peak found at a temperatures range between 100 to 200 °C. 
Considering the composition of the slurry, this peak may be due to the burn out of the binder 
(polymer). By checking the published data for Poly vinyl alcohol [148], the Tg and Tm are 
around 99 °C and 248 °C, which is similar to the temperature range of these detected peaks 
in the experiment. The thermal expansion rate of sol containing face coats at the temperature 
range between 300 and 500 °C are higher than the other samples with two obvious small 
peaks found at temperatures around 300 and 500 °C, see Figure 4-11 (b). As it is known, the 
yttria sol contains around 21 wt% yttrium acetate solution, and C.Y. Chen (2008) [178] 
studied the weight loss of the precursor and found that yttrium acetate will first convert to its 
oxide at temperatures between 300-500 °C, and the subsequent reaction will take place at 
temperatures around 500-750 °C. The published data confirms that those expansion peaks of 
the sample yttria + sol are the phase transformation of yttrium acetate.  
 
After sintering at a temperature of 1200 °C, the shrinkage rate of all the slip cast samples 
increased dramatically. The water based binder slurry starts to densify at temperatures 
around 1250 °C with the sol binder slurry starting at temperatures around 1300 °C. The test 
slurry slip casting samples‘ sintering properties, compared to the filler powders are shown in 
Figure 4-12 at different heating temperatures. 
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YF 0.15wt% slip casting
 
                                          (f) 
Figure 4-12. Powder expansion/shrinkage rates at different temperatures. (a) YB 0.15 wt%, 
(b) YF 2.0 wt%, (c) YAZ, YT 2.0 wt%, YT 0.15 wt%, and (f)YF 0.15 wt%. 
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From Figure 4-12, it can be seen that the slip casting face coat samples sintering behaviours 
are quite similar to their base filler powders at sintering temperatures lower than 1000 °C. At 
higher firing temperatures, the slip cast samples showed a much quicker densification speed 
than the filler powder compacts but with retarded sintering start temperatures. When heating 
to temperatures around 1200 °C, both slip casting and filler powder samples of YB 0.15 wt%, 
YF 2.0 wt% and YT 2.0 wt% have already started to shrink. The sintering behavior of the 
powder is also closely related to the amount of sintering aids, high concentrations had large 
effects.  
 
The different sintering behaviour of the filler powder compact and slip casting face coat 
sample maybe due to their different composition and green density. As it is known, higher 
green density implies that less shrinkage is required to reach a given sintered density, 
therefore the sintered density is observed to decrease with decreasing green density for green 
density values [179, 180]. The increasing density is also found to delay the onset of grain 
growth at the later stage of sintering due to the reduced high energy solid-air areas (reduce 
the sintering driving force) [180]. In this experiment, because the filler compacts had higher 
green density compared to the slip casting samples, so the sintering start temperatures were 
earlier than slip casting samples, but due to the reduced high energy solid-air areas, the 
densification speed of the filler powders was slower than the slip cast face coats.  
 
Figure 4-13 shows below is the slip cast sample dilatometer traces at a temperature range 
from 1000 to 1450 °C. Compared to the yttria sol face coat slurry and the water based binder 
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slurry systems, the new slurries have lower sintering start temperatures. When heating to 
temperatures around 1200 °C (typical industry shell firing temperatures), the densification 
rates of the powder were shown as: YB 0.15 wt% > YF 2.0 wt% > YT 2.0 wt% > YF 0.15 
wt% = YAZ = YT 0.15 wt% = Yttria +sol = Yttria + polymer.  
 
                                                                                                                                    
Chapter 4-Face coat slurry development 
 134 
 























































































                                                                                                                                    
Chapter 4-Face coat slurry development 
 135 
4.4 Conclusions 
In this chapter, the new slurry properties were tested (life, face coat surface roughness, 
dilatometer and friability). So far, some conclusions could be made: 
 
1. The yttria filler powder will suffer a very slow hydration reaction even without the sol 
added, and the life of the water based binder yttria slurry is around two weeks. The type of 
sintering aids and their added amount can influence the life of the slurry. The more additives 
are added the shorter the slurry life time, e.g YF3, TiO2. However, for the addition of B2O3 
and YAZ to the slurry, the life times are increased to more than one month. 
 
2. The shell surface roughnesses of the new slurries are quite similar, with the maximum 
roughness difference between the best and worst face coat is less than 3 µm after sintering at 
1200 °C for one hour. Considering the later processing after casting, these roughness values 
of the face coat are all acceptable. 
 
3. The sintering properties of the face coat are similar to the filler powder especially at 
higher sintering temperatures. Due to the different compact green density, the filler powder 
has a much quicker sintering speed at temperatures around 1000 °C but with a delayed 
densification rate at higher temperatures. TiO2 added to the slurry has good sintering 
properties but due to the large dense Ti-containing grain formed with poor bonding to the 
matrix powder, the friability of these samples were poor.  
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Considering the slurry life and face coat sintering properties, the slurry system of YB 0.15, 
YF 0.15 and YAZ were selected to undergo the thermal-chemical sessile drop test for 
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Chapter 5 Chemical inertness of the face coat 
In Chapter 4, three face coat slurry systems YAZ, 0.15 wt% B2O3 (YB 0.15) and 0.15 wt% 
YF3 (YF 0.15) were selected for their good sintering properties and long slurry life. In this 
chapter, the chemical inertness of these face coat against molten titanium aluminide will be 
characterized using a flash re-melt (sessile drop) test method. During these experiments, 
metal pieces were located on the ceramic shell surface, and then re-melted in a vacuum 
furnace at different temperatures. The sessile drop contact angle and radius were analyzed 
using a 3D laser scanner and the interaction between the metal and ceramic were evaluated 
by hardness and secondary electron microscope. 
 
5.1 Sample preparation 
5.1.1 Mould production and characterisation 
Test pieces were produced by coating wax plates of dimension 10×10×5 cm with slurry and 
stucco as shown in previous Chapter 4, Table 4-1 and 4-2. All test pieces were made using a 
standard shell build method [30], and then sintered at 1200 °C for one hour (the details of 
shell making process are described in Chapter 4). In these experiments, shells with the face 
coat composition of YF3 0.15 wt%, YAZ, B2O3 0.15 wt% were prepared for inertness test.  
 
5.1.2 Metal samples preparation 
The TiAl alloy used in this experiment was a Ti-45Al-2Mn-2Nb-0.2B (at%) alloy with 
melting temperature around 1600 °C. TiAl alloy pieces were cut into cylindrical pieces 6 mm 
height and 10 mm diameter and placed on the face coat of the ceramic plates of dimension 
Table 1, Face coat slurry formulation 
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around 2×4×0.5 cm. 
 
5.1.3 Sessile drop flash re-melt test 
A schematic of the furnace used for sessile drop flash re-melt is shown in Figure 5-1. 
Initially, each metal and ceramic disc sample pair was located in the cold chamber 1 under a 
vacuum of ~0.005 mbar, while chamber 2 was heated to 1600, 1625, and 1650 °C. A 
hydraulic ram then quickly raised the sample into chamber 2. The ‗contact time‘ (t) was 
measured as the elapsed time between the ram starting to move into chamber 2 and its return. 
After a designated time, the ram was retracted to chamber 1 after designed reaction time, 
allowing the specimen to cool rapidly. The designated time for holding in chamber 2 was 
different for different reaction temperatures. At 1600 °C, the contact time was 60 s, 70 s and 
80 s. Contact times of 40 s, 50 s, 60 s, 70 s, and 30 s, 40 s, 50 s, and 60 s. were used at 












                                                                                                                                    












   
 
        Figure 5-1. The flash re-melt furnace structure with annotations 
 
5.2 Sample characterization 
5.2.1 3D later scanner 
In this experiment, the shapes of the sessile drop were reconstructed by a 3D laser scanner 
for more accurate measurement of their contact angles and diameter. The laser 3D scanner 
used in this experiment was from Keron TechniqueTM (model: KZ-25-05, S/N: KZ-25-315 
type), shown in Figure 5-2. 
 
1. Chamber 1 
2. Ram (vertically movement) 
3. Sample shell pieces 
4. TiAl metal pieces 
5. Central hole 
6. Vacuum pump 
7. Power leads  
8. Pressure gauge 
9. Chamber 2 
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 Figure 5-2.  3D laser scanner and working platform 
 
After scanning, the metal drop surface information was analyzed using Polygonia software, 
and the shape of the sessile drops were reconstructed using software called Qualifiy 8. 
Subsequently, each drop contact angle, contact diameter and height was measured using a 
system defined plane to cut through the drop in four different directions. The cutting process 
and different cross sections are shown in Figure 5-3.  
 
 
                                                                                                                                    




                                     (a)      
  
  
                                 (b) 
Figure 5-3.The measuring methods of sessile drop contact and contact diameters. (a) the 
cutting methods and (b) the drop cross section image and the measuring of contact angle and 
diameters. 
 
5.2.2 Hardness test 
An indenter was used in this experiment to press the sample with a known load, and sample 
hardness being calculated by measuring the dimension of the indentation. The hardness 
System plane 
                                                                                                                                    
Chapter 5-Chemical inertness of the face coat 
 142 




                     Figure 5-4. Hardness tester 
 
Before the test, a software called ‗ecos workflow‘ was used to pre-set a hardness indentation 
position at the metal interface (Figure 5-5), which allowed the machine automatically put 
every indentation in the setting place and measured the sample hardness. Vickers hardness 
based on a mass of 0.025 kg (Hv 0.025) was measured, and five hardness points were tested 
at same distance away from the metal/shell interface up to a depth of around 500 µm into the 
metal matrix.  
 
 
                                                                                                                                    





Figure 5-5.Computer setting program for the hardness indenter positions (for every lattice, 
x=0.05mm, y=0.05mm). 
 
5.2.3 Scanning electron microscopy (SEM) 
The metal and ceramic mould interface microstructure was observed using a Philips XL-30 
series and a Joel 7000 SEM. Near-interface compositional variations and the interaction 
products were analyzed using an energy dispersive X-ray analysis device (EDX). 
 
5.3 Results and discussion  
5.3.1 Sessile drop contact angle and drop diameter test 
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the yttria with sol binder shell system was used as the baseline in these experiments. Some of 
the reconstructed sessile drop images are shown in Figure 5-6. 
 
   
   
   
 
Figure 5-6.The 3D reconstructed sessile drop images. (a) 1650°C-YF 0.15-50s, (b) 
1650°C-YF 0.15-60s, (c) 1650°C-YB 0.15-70s, (d)1650°C-YAZ-70s, (e) 1650°C-YAZ-40s, 
(f) 1650°C-Y+Sol-40s, (g) 1600°C-Y+sol-80s, (h) 1650°C-Y+sol-60s, and (i) 1625°C-YF3 
0.15-40s. 
 
From Figure 5-6 it can be seen that, after the flash re-melt tests, the shape of all the test 
metal pieces changed from cylindrical to hemi-spherical in order to reduce the surface energy. 
Tables 5-1 to 5-6 show the measured contact angle and diameter change for each face coat 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
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slurry systems from 4 system planes i.e. (8 angles and 4 diameter), and this data is presented 
graphically in Figures 5-7 to 5-12. 
 
Table 5-1. Sample contact angle (°) with different times at an interaction temperature of 
1600 °C. 
Sample ID       60 s        70 s        80 s 
 average Std dev average Std dev average Std dev 
Y+sol 121.96 9.26 117.49 7.79 102.04 15.40 
YAZ 141.19 8.90 113.68 4.78 111.11 11.83 
YB 0.15 106.87 6.05 100.12 6.20 96.02 6.02 




























Figure 5-7.Sessile drop contact angles for different times at 1600 °C. 
 
As can be seen from Table 5-1 and Figure 5-7, by increasing the contacting time of the metal 
drop and ceramic shell, the contact angle decreased from 120 ° to around 105 °. The rates of 
changing the contact angles were different for different ceramic systems. At the contact time 
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of 60 s, YB and YAZ systems had the smallest contact angle. By increasing the contact time, 
the contact angle of YAZ systems dropped down very quickly to 113.68 °, around 28 ° less 
than its original value. The contact angle of YF 0.15 face coat first decreased and then 
increased again at 80 s reaction time. The increase of contact angle may be due to the 
metal/shell interaction at longer contact times. 
 
Table 5-2. Sample contact angle (°) with different times at an interaction temperature of 
1625 °C 
Sample ID      40 s      50 s      60 s       70 s 
 average std average std average std average std 
Y+sol 130.66 5.88 105.55 14.82 99.46 2.74 90.06 9.94 
YAZ 122.41 8.12 114.33 11.07 109.80 5.06 104.73 7.97 
YB 0.15 119.68 17.73 116.15 20.45 100.80 11.27 98.65 4.69 





























Figure 5-8. Sessile drop contact angles for different times at 1625 °C. 
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Table 5-2 and Figure 5-8 illustrate that increasing the interaction temperature by 25 °C, 
dramatically changed the contact angle of the yttria + sol sample from 130.66 ° at 40 s 
contact time to around 90 ° within 30 s, much quicker than other groups such as YAZ, YB 
0.15 and YF 0.15. When increasing the interaction temperature to 1650 °C, the contact angle 
change rate for different face coat systems were similar, and reduced from around 135 ° to 
around 100 ° within 30 s, see Table 5-3. The metal contact angle reduction on the Yttria +sol 
face coat surface was the greatest of all the shells tested, decreasing from 138.57 ° to 
119.56 ° in the first 10 s.  
 
Table 5-3. Sample contact angle (°) with different times at an interaction temperature of 
1650 °C. 
Sample ID       30 s      40 s      50 s       60 s 
 average std average std average std average std 
Y+sol 138.57 10.68 119.56 8.54 106.28 6.66 100.32 6.01 
YAZ 137.66 11.67 131.41 13.90 121.79 10.28 101.93 6.86 
YB 0.15 133.77 12.58 134.60 13.79 122.93 9.3 98.62 11.56 
YF 0.15 134.37 17.34 114.54 6.00 101.22 5.13 101.61 8.80 
 
 
                                                                                                                                    




























Figure 5-9. Sessile drop contact angles for different times at 1650 °C. 
 
Table 5-4. Sample contact diameter (mm) for different times at an interaction temperature of 
1600 °C.  
Sample ID       60 s        70 s        80 s 
 average std average std average std 
Y+sol 10.27 0.16 11.63 0.08 11.56 0.07 
YAZ 8.44 0.56 10.55 0.21 11.59 0.47 
YB 0.15 11.78 0.06 11.27 0.04 11.59 0.16 
YF 0.15 9.78 1.09 11.03 0.29 10.67 0.46 
 
                                                                                                                                    




































Figure 5-10. Sessile drop contact diameter for different times at 1600 °C. 
 
Table 5-4 and Figure 5-10 show that, by increasing the contact time of the molten metal on 
the ceramic shell, the sessile drop contact diameters increase from their original 10 mm to 
around 12 mm. After melting, the molten TiAl alloys on the YAZ and YF 0.15 systems first 
shrink then increase again after a long time at each isothermal interaction temperature. The 
YB 0.15 face coat system has the largest contact diameter at the contact time of 60 s but 






                                                                                                                                    
Chapter 5-Chemical inertness of the face coat 
 150 
Table 5-5. Sample contact diameter (mm) for different times at a temperature of 1625 °C. 
Sample ID      40 s      50 s      60 s       70 s 
 average std average std average std average std 
Y+sol 9.17 0.23 10.76 0.5 11.67 0.19 11.83 0.26 
YAZ 9.51 0.26 10.21 0.38 10.73 0.35 10.64 0.21 
YB 0.15 10.12 0.27 10.71 0.38 11.37 0.05 11.87 0.17 





























Figure 5-11. Sessile drop contact diameters for different times at 1625 °C 
 
At the higher interaction temperature (1625 °C), nearly all the metal drop contact diameters 
firstly reduced a little then increased again. Except for the YAZ system, diameters of all the 
test drops after 70 s contact time increase to around 11.8 mm. 
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Table 5-6. Sample contact diameter (mm) for different times at an temperature of 1650 °C. 
Sample ID       30 s      40 s      50 s       60 s 
 average std average std average std average std 
Y+sol 8.57 0.27 10.02 0.25 10.84 0.16 11.86 0.21 
YAZ 8.37 0.38 9.24 0.53 9.38 0.27 12.33 0.19 
YB 0.15 9.18 0.46 10.41 0.24 12.87 0.12 12.14 0.11 




























Figure 5-12. Sessile drop contact diameter for different contact times at 1650 °C 
 
The most noticeable sessile drop contact diameter shrinkages were observed by increasing 
the interaction temperatures from 1625 to 1650 °C within the first contact 20 s. Except for 
the yttria+sol system, the entire sample bottom diameter increased to 12 mm after 60 s. The 
YF 0.15 wt% face coat system had a fastest diameter change between 40 and 50 s. 
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5.3.2 Hardness at the interface 
Due to metal/mould interaction, some of the ceramic elements (O, Si, Zr) diffused into the 
metal causing solid solution hardening of the base alloy. This is illustrated in Figure 5-13 (a) 
where the metal/shell interface showed a high hardness which gradually decreases away 
from the interface. The hardened layer thickness was measured from the interface to the 
point where the average hardness was the same as of the metal matrix. By considering the 
interfacial damaging after metal removed from the shell, the first line of the indents was 
located around 10 µm away from the observed interface and continued to around 500 µm 
into the metal matrix (Figure 5-13 (b)). 
 
 
                                      (a)                                                                    
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                               (b) 
Figure 5-13. Hardness traces at the metal/shell interface region of sample Yttria+sol 1650°C 
50s. (a) Hardness values from interface, and (b) the image of 4 rows of indents from 
metal/shell interface. 
 
Some of the hardness profiles for varies ceramic systems sintered at different temperatures 
are illustrated in Figure 5-14. As can be seen, samples showed high hardness at the surface 
around 550, and then the hardness decreased gradually to around 500 to the metal matrix. 
For using different face coat, the hardened layer thicknesses at the sample surface were 
different. The hardened layer thickness measured from each sample hardness trace in Figure 
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                                    (a) 
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                                          (c) 
 
                                       (d) 
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                                      (e) 
 
                                     (f)  
Figure 5-14. Hardness traces of different samples (a) 1650 °C-YB0.15-30 s, (b) 
1650 °C-Y+sol-60 s, (c) 1600 °C-YAZ-80 s, (d) 1600 °C-YF0.15-60s, (e) 1625 °C-YF 
0.15-50s, and (f) 1650 °C-YB 0.15-50s. 
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From Fick‘s law of diffusion, by increasing the interaction temperature, less time is needed 
for the elements to diffuse from ceramic shell into the interfacial area. The growth rates of 
the hardened layer dependent on the type of face coat systems and temperature. Within the 
first interaction time 10 s, the hardened layer thickness rose very slowly, but for the same 
holding time, increased significantly at higher interaction temperatures, see Figure 5-15 (b) 
& (c).  For the Y+sol face coat system, the thickness of the hardened layer grew very 
slowly when compared to the other groups with the hardened layer thickness stabilized at of 
around 40 µm at 1600 °C and 70 µm at 1625 °C at different contact times. The hardened 
layer thickness of the YAZ system was around 170 µm at 1625 and 1650 °C with a contact 
time around 40 s, much thicker than any other systems. Therefore, the thermal inertness of 
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                                         (d) 
Figure 5-15 Hardened layer thickness of sample at different interaction temperature and time. 
(a) YAZ, (b) YB 0.15, (c) YF 0.15, and (d) Y+sol. 
 
The hardened layer profile for different face coat systems at the same interaction temperature 
are shown in Figure 5-16. As can be seen, the increased contact times and temperature cause 
an overall increase of hardened layer thickness of each shell system. The hardened layer 
thickness is increased slowly of using yttria + sol face coat system, and at high temperatures 
around 1625 and 1650 °C, the sample using YAZ as the face coat has the thickest hardened 
layer thickness. The hardened layer thickness of metal using YB 0.15 and YF 0.15 face coat 
systems have the similar behaviour, especially at 1600 and 1650 °C. 
 
 
                                                                                                                                    



























































                                                                                                                                    





























                                         (c)  
Figure 5-16. The hardened layer thickness of different face coat systems at same interaction 
temperature and time (a) 1600 °C, (b) 1625 °C, and (c) 1650 °C. 
 
It was known, the hardened layer thickness of each sample is dependent to the chemical 
inertness of the face coat [41, 42]. Among all the test face coat systems, Yttria +sol face coat 
showed the smallest hardened layer thickness thus has the highest thermodynamic inertness. 
Samples of YB 0.15, YF 0.15 and YAZ systems showed similar behaviour when interacting 
with TiAl alloys at 1600 °C. Higher temperatures cause a much more severe interfacial 
interaction. The chemical inertness of the YAZ shell was most affected by temperature 
giving the thickest hardened layer of all the test systems. This face coat chemical inertness 
degradation of the YAZ shell may be due to the sintering additive Al2O3 and ZrO2 at high 
temperatures. However for the YB 0.15 and YF 0.15 face coat groups, due to the very small 
amount of sintered additives added, the chemical inertness of these face coats were better 
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than the YAZ face coat at higher interaction temperatures. 
 
5.3.3 The microstructure at the metal/shell interface 
After the flash re-melting tests, the microstructures of the metal drops at the metal/shell 
interface using yttria face coat were a fully lamellar (α2+γ) morphology, see Figure 5-17. 
Compounds TiB with needle-like morphology (light phases) were found between the 
lamellar dendrite arms. Some filler particles were found at the metal-mould interface wetted 
by the alloy. No evidence was found of the interaction between the face coat and the alloy 
except that some Y2O3 inclusions were observed in the near-surface region around 30 μm 
into the metal. 
 
 
Figure 5-17. Sessile drop interface microstructures of sample Y+sol interact with TiAl at 
1600 °C with 70 s contacting time. 
 
Representative SEM images of the mould and metal interface areas for some of the ceramic 
mould systems are shown in Figure 5-18.  
Yttria particle 
                                                                                                                                    




   
 
Figure 5-18. The metal/shell interface microstructure. (a)&(b) YF 0.15 1650 °C-50s, (c)&(d) 
YB 0.15-1600 °C -80s, and (e)&(f) YAZ-1625 °C -70s. 
 
After flash re-melting, there was no interaction products observed at the metal interface for 
all the test face coat systems (yttria +sol, YAZ, YB 0.15 and YF 0.15), and the microstructure 
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5.4 Conclusions 
In this chapter, the thermo-chemical inertness of the selected face coat slurry is evaluated 
using a sessile drop flash re-melt test. The conclusions so far for this experiment were: 
 
1. The interaction between the metal and different ceramic substrates will cause a change of 
the spreading behaviour i.e. different contact angle and drop diameter. The metals on the 
yttria +sol face coat surface have the slowest spreading rate among the test group. By 
increasing the interaction temperature from 1600-1650 °C, the metal spreading speed on the 
YF and YB face coat were increased. 
 
2. After interaction, the depth of the hardened layer thickness varies with different ceramic 
systems. High interaction temperatures and long contact times can cause an increased 
hardened layer thickness except with the yttria+sol system. At 1625 and 1650°C the greatest 
depth of hardening was recorded with the YAZ face coat system. The results of using face 
coat system YF and YB also showed an increased hardened layer thickness by increasing the 
contact time but with larger layer thickness than pure yttria and YAZ coat. 
 
3. The microstructure at the metal surface was quite similar with all the ceramic systems, and 
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Chapter 6 The reliability of face coat slurry 
This chapter consists of two parts. The first part will introduce casting mould manufacture 
process from the small scale plate crucible to the large ‗T‘ shape with the investigated mould 
surface finish. Some improvement in mould production methods will later be introduced to 
enhance the face coat strength using the newly developed slurry. During mould firing, 
Silicon in the backup coat layer penetrated into the face coat surface. Silicon penetration 
amount was dependent both on sintering temperature and the type of the face coat, which 
will introduce in the second part of this chapter.  
 
6.1 Sample preparation  
6.1.1 The mould shape design and preparation 
Because the strength of the new face coat mostly comes from the polymers, so compared to 
the strength of sol used face coat, these new water based binder face coat is relatively poor. 
In order to verify the possibility using these new face coat in industry, small crucibles were 
first made to investigate the strength of the face coat, which is required have a smooth, 
uniform, and non de-laminated surface finish. Then, large crucibles with a ‗T‘ shape were 
designed and made, using the same procedures to investigate the surface finish before 
casting, see Figure 6-1. 
 
The face coat slurry described in Chapter 4 (Table 4-1, yttria+water) were used to make the 
testing mould, and after finish all the mould were were fired at 1000 °C for 3 hours before 
the shell face coat surface finish was determined.  
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                  (a)                               (b) 
   
               (c)                                   (d) 
Figure 6-1.The wax pattern shape, (a) the crucible plate, and (b) the ‗T‘ shape, the ceramic 
shell of, (c) the plate, and (d) the ‗T‘ shape.  
 
6.2 Results and discussion 
6.2.1 Small crucibles 
For the small crucible plate, the time needed for the molten wax to flow out the crucible is 
shorter than for the large components, therefore less chance for the molten wax to damage 
the face coat surface. From Figure 6-2 it can be seen that, after de-wax, the face coat surface 
in the shells was very smooth, and no face coat peels off and de-lamination are observed. So, 
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                    (a)                                (b) 
Figure 6-2.The small plate crucible internal surfaces after firing at 1000°C for one hour, (a) 
side one, and (b) side two. 
 
6.2.2 Large’ T’ shape investment mould 
‗T‘ shape moulds were designed to test the green strength of the face coat on a large scale 
mould. After firing at 1000 °C for 3 hours, shells were broken up to check the surface finish 
and are shown in Figure 6-3. 
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                                  (a) 
 
                                 (b) 
 
                                 (c) 
Here are the places, in 
which molten wax 
contacts the shell for 
the longest time. 
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                                (d) 
Figure 6-3.The investment moulds. (a) all the tested ‗T‘ shape, and (b)&(c)&(d) test sample 
crucible inside surface. 
 
From Figure 6-3, two types of failed face coat surface were observed. First type was the face 
coat peeling off and de-laminating (Figure 6-3 (b)). Second type was a very rough surface 
with some bumps (Figure 6-3 (c&d)). The predictions of these face coat surface degradations 
may take place during the de-wax process. 
 
As it is known, most polymers have a glass transition temperature (Tg) around 100 °C with a 
melting temperature around 200 °C. e.g Poly methyl methacrylate (PMMA) has a Tg around 
105 °C, and Tm around 160-200 °C [148]. For the Poly vinyl alcohol used in this experiment 
as the face coat strengthener, the Tg is 70-99 °C and the Tm is around 248 °C in the reference 
depending on the precise molecular weight [148]. So at a de-wax temperature of 180 °C, the 
PV alcohol in the face coat has already began to soften and lose its strengthening effect. 
Therefore, the failure of the face coat of the ‗T‘ shape mould is due to the polymer 
degradation (softening) during de-waxing and the face coat surface was quickly damaged 
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when the molten wax flowed out of the crucibles.  
 
In order reduce the contact time of the molten wax on the mould surface, a new ‗T‘ shape 
(Figure 6-4) with two extra channels connected to the back surface was designed to help wax 
flow out during de-wax process.  
 
 
                                (a) 
 
                            (b) 
Figure 6-4.The surface finish of the new mould. (a) The left hand side of the mould, and (b) 
the right hand side of the mould. 
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As can be seen from Figure 6-4, by adding two extra channels in the plate to help liquid wax 
flow out during de-wax, the plate surface of the face coat has became smooth after sintering, 
but some yttria powder clusters were observed at the bottom of the channels. The face coat 
strength was still too low to be used for the large component shell applications in industry.  
 
6.2.3 Shell making process improvement 
It is known that the gelation interaction between sol and yttria powder can strengthen the 
face coat during drying, and this effect can be maintained up to the temperatures around 
300 °C. But at the same time this gelation effect also limits the life of the face coat slurry to 
hours in some cases. In order to use this gelling effect whist not reducing the life of the 
slurry, new mould production methods were developed. In these new methods, rather than 
adding the sol into the slurry, sol was applied to the dried wax surface or the face coat 
surface before making the backup coat, enhancing the strength of the face coat. Figure 6-5 
illustrates below shows the cross structures of the mould using these new improvements 
methods. 
                                                                                                                                    




Figure 6-5.The new designed shell making process, (a) primary ‗sol‘ model, and (b) the ‗sol‘ 
backup penetrate model.  
 
In the first method shown in Figure 6-5 (a), sol is first painted on the cleaned wax pattern, 
and then dried over night. Face coat slurry was then painted on the top of the sol pre-painted 
wax patterns, and allowed them to react and gel the face coat slurry. However, this method is 
very difficult to be used in manufacture due to the damage of the sol layer when applying the 
face coat slurry. Therefore, spraying slurry on the mould surface is the only valid method to 
be used in this method without damaging the sol layer. Another problem with this method is 
that pre-painted sol coat is too thin and can not effectively gel the surface of the face coat. 
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The second method (Figure 6-5(b)) seems more likely to be used with the dipping process 
without considering contamination. In this method the face coat was first painted on the wax 
patterns similar to the traditional shell making process, when it dried, sol was then painted 
on the top of the face coat and allowed to interact with face coat. However, in real industrial 
processing, after painting with the sol, the wetted face coat was easily slumping down after 
few minutes. Therefore, a new improvement to the backup sol penetration method was 
developed to overcome this problem, which is shown in Figure 6-6. This new improvement 
added an extra backup coat layer before the sol was applied, and the rest of production 
process was the same as the traditional shell making process. The details of this new method 
are shown in Table 6-1. 
 
                  
Figure 6-6. The new design of backup sol penetration method 
 
 
Table 6-1.The coats making procedural. 
Coats ID Drying time 
Face coat Over night 
Backup coat (1 layer) 1.5 hours 
Sol  2 hours 
Backup coat (7 layers) 1.5 hours 
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This method can be used for a variety of sols (e.g. yttria sol, Ti-coat sol, even Si-sol) without 
causing a gelation problem of the slurry. The more reactive the sol, the better the 
strengthening effect on the face coat. Sol can be applied by this new method by any method 
such as painting, spraying or dipping (preferably painting and spraying to prevent 
degradation of the sol). In this experiment, the high strength Ti-coat sol (Ammonium 
Zirconium Carbonate) was used to test the efficiency of the sol ‗back penetration‘ method, 
and the shell surface after de-wax and burn out wax at around 800 °C is shown in Figure 6-7. 
As can be seen, the mould internal surface showed a black/grey colour, and these colours 
come from the colour of ZrO2 (from Ti-coat sol) at low firing temperatures, which means the 
sol has already penetrated from the backup coat into the front of the face coat. No peeling off 
and de-lamination of the face coat has been observed in this process. 
 
 
                              (a) 
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                             (b) 
 
 
                             (c)   
Figure 6-7.The surface inside of the ‗T‘ shape mould after sintering at 800 °C, (a) the 
cylindrical hole, (b) the right hand side of the mould, and (c) the left hand side of the mould. 
 
After firing at 1000 °C for 3 hours, the mould internal surface is shown in Figure 6-8. As can 
be seen, the mould face coat surface was very uniform and smooth, no peeling off and 
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de-laminating of the face coat was observed. 
  
 
                                (a) 
 
                              (b) 
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                            (c)  
Figure 6-8.The surface inside of the ‗T‘ shape mould after sintered at 1000 °C, (a) the 
cylindrical hole, (b) the right hand side of the mould, and (c) the left hand side of the mould. 
 
As can be seen from the test results, by using the sol back penetration method, the mould 
shows a very good surface finish, which can be used as an investment casting mould to 
produce TiAl alloy components. 
 
6.2.4 The friability of the shell 
The friability of the face coat after using the sol ‗back penetration‘ method was tested and 
shown in Table 6-3 compared to the reference slurry face coat friability (reported in Chapter 
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Table 6-2. The friability of the shell sintered at different temperatures. 
Sample ID Friability (g/m2) at different temperatures 
 1000 °C 1200 °C 1400 °C 
Yttria+Sol (Y+S) 48.2 ± 5.7 12.91 ± 2.6 3.12 ±0.7 
Yttria+Sol+Polymer(Y+S+P) 25.81 ±5.5 11.29 ±2.1 3.06 ±1.7 
Yttria+Water+Polymer (Y+W+P) 54.42 ±32.3 19.58 ±19.6 3.16 ±2.11 
 
Table 6-3. The friability test results of different sol using sol ‗back penetration‘ method at 
different temperatures. 
Sample ID Friability (g/m2) at different temperatures 
 1000 °C 1200 °C 1400 °C 
Y+W+P (Ti-coat backup penetrate) 15.42 ±3.70 15.99± 10.4 8.43±2.58 
Y+W+P (Yttria sol back penetrate) 41.15±17.44 18.27±5.88 6.5±0.88 
 
From Table 6-3 it can be seen that, by using the sol backup penetration method, the friability 
of the pure yttria water based binder slurry improved a lot without adding any sintering aids. 
The enhanced sintering properties from the Ti-coat and yttria sol may be due to the 
strengthening effect of the sol. The ‗sol back penetration‘ method separated the face coat 
slurry process and strengthening process, and the resulting face coat exhibits a reasonable 
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Part II, Si penetration from the backup coat 
6.3 Si Penetration  
This is based on the results reported in Chapter 5, and developed the understanding of the Si 
penetration mechanism from the backup coat to the face coat and subsequent interaction with 
the molten TiAl during the sessile drop casting process. The research in this part will mainly 
focus on the background introduction of the Si backup penetration problems, the analysis of 
Si penetration mechanisms and the influence on the new designed slurry and production 
methods. 
  
6.3.1 Background introductions 
Due to the heavy interaction between TiAl and the face coat material during the high 
temperature casting process, mould face coats based on SiO2 have been restricted to the 
backup coat slurries for many years due to the low chemical inertness of this oxide. But 
considering the material cost, silica based filler and stucco have still been used in the 
secondary or backup coats. High temperature shell sintering will cause the reactive Si from 
the backup coat to penetrate to the face coat and react with the TiAl alloy during the casting 
process [198]. The penetrated Si also increases the oxygen absorption of the TiAl alloys and 
causes huge damage at the metal/shell interface areas [181]. 
 
This problem was first observed when abnormal wetting behaviour of one sessile drop 
sample was observed. By studying the cross section of this sample, some high Si containing 
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interaction products were found forming along the (α2+γ) grain boundary using YAZ face 




Figure 6-9. High Si containing interaction products forming along the grain boundaries of 















（a）                                (b) 
 
Figure 6-10. EDX mapping analysis of the inter-metallic phase (a) Backscatter of the 
intermetallic phase, and (b) the composition distribution of elements 
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The EDX shows that these light phases contain around 45.92 at% of titanium, 12.78 at% of 
aluminum, and 16.73 at% of silicon. These high Si containing phases have also been 
observed by Q. Jia [47] using a CaO stabilized ZrO2 mould. By using transmission electron 
microscopy (TEM) to analyze the crystal structure of these phases, it was found that the light 
phases were Ti5Si3. 
 
Not only was very high silicon concentration detected in the reaction layer, but also high 
amounts of oxygen were found along with the Si-rich precipitates. Because oxygen is the 
alpha phase stabilizer, it influences TiAl solidification behaviour, therefore, the solidification 
of TiAl alloy changes from the β phase region to α, and shows a very strong dendritic 
microstructure at the cross section area [182]. Therefore, the Si diffusion problem should be 
carefully considered during the casting and mould making process to avoid this extra 
interaction between the molten TiAl alloys and the mould.  
 
6.3.2 Shell surface microstructure  
The face coat surface morphologies using different face coats were detected at different 
sintering temperatures and are shown in Figure 6-11.  
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                               (a) 
 
                                 (b) 
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                                 (c) 
Figure 6-11. The secondary electron image of the face coat surface of the YF 0.15 shell 
surface sintered at 1550 ºC for one hour (a) ×400, (b) ×2415, and (c) ×4829. 
 
It can be seen from Figure 6-11 that the mould face coat surface microstructure looks very 
similar to the face coat slip casting sample in Chapter 4. The powder particles are distributed 
uniformly with the small particles filling the gaps between large particles. Even after 
sintering at 1550 °C for one hour, the shell face coat structure was still very open. The gaps 
between particles may provide the diffusion channel for Si to penetrate from the backup coat 
to the face coat.  
 
6.3.3 The Si concentration on the different shell surfaces  
Table 6-4 and Figure 6-12 show the influence of the sintering aids on Si penetration at 
different sintering temperatures. As can be seen, the sample surface Si concentrations are 
different for different face coats at the same sintering temperatures. Except for the yttria +sol 
system, all the ceramic shells have the highest Si concentration at sintering temperatures 
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around 1200 °C and 1400 °C, and the smallest Si concentrations were detected after moulds 
were sintered at 1550 °C for one hour.  
 
Table 6-4: The surface Si (wt%) concentration of different face coat system. 
Sample ID 1200 °C 1400 °C 1550 °C 
Yttria + sol 0.70±0.06 0.85±0.18 0.95±0.21 
Industry used F-doped slurry 2.69±0.61 2.55±0.61 0.81±0.15 
YB 0.15 1.04±0.29 1.63±0.54 0.97±0.15 
YAZ 1.92±0.27 2.15±0.68 2.04±0.35 
YF 0.15 1.97±0.21 2.36±0.36 1.77±0.25 







































Figure 6-12. Si concentration on different face coat surfaces sintered at different 
temperatures. 
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The Yttria +sol system has the smallest Si concentration detected at all temperatures 
followed by the YB 0.15 system. Using YAZ face coat, very high Si concentrations were 
detected at a temperature of 1550 °C. The industry standard F-doped face coat shell had 
around 2.69 wt% Si detected on the surface when sintered at 1200 °C, which means that this 
small amount of Si on the shell surface does not influence the cast component properties. 
From the data, it seems that the sintering aids in the face coat will promote Si diffusion into 
the face coat layer. But the entirely new designed face coat samples have lower surface Si 
concentration than the industry standard sample, therefore, the new developed slurries can be 
used as the face coat for investment moulds to cast TiAl alloy.  
 
The Si penetration amount on each face coat surface seems related to both the type of 
sintering additives and sintering temperatures. As can be seen from the yttria face coat 
system (Yttria + sol), increasing the sintering temperature caused more Si to diffuse into the 
face coat. If the silicon penetration is a thermally activated diffusion process, by plotting 
silicon concentration Log (C) against 1/T, and from the intercept of the Arrhenius 
relationship, the diffusion activation energy of Si ions in the yttria face coat can be 
calculated, see Figure 6-13.  
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Figure 6-13. The Arrhenius Relationship of the Si concentrations on the Yttria +sol mould 
surface at different sintering temperatures. 
 
The Si diffusion activation energy in the yttria +sol face coat surface calculated from this 
experiment is around 20 kJ/mol. Unfortunately, there is no published data to confirm the 
activation energy of silica in yttria. 
 
By adding sintering additives into the slurry, the detected Si concentration is varying with 
different face coat systems at the same sintering temperature. This phenomenon may be 
explained by the sintering additives increasing the diffusivity of Si in the face coat. But at 
high temperatures around 1550 °C, the face coat with sintering additives will undergo a very 
quick densification, which may retard the Si penetration and result in a decrease in the Si 
concentration on the mould surface. 
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6.3.4 XRD of the shell surface  
The Si in the face coat also can be detected by using XRD. Figure 6-14 shows different 
shells with only one layer of face coat sintered at temperatures of 1200, 1400 and 1550 °C. 
As can be seen from the standard Yttria+sol and YB 0.15 sample, by increasing the sintering 
temperature, the Y2SiO4 peak intensities increase. But for sample YT 2.0, a very strong Si 
peak was detected using YT 2.0 face coat after sintering at a temperature of 1200 °C, similar 
to the EDX analysis results in Table 6-4.  
 
 
                                   (a) 
                                   
(b) 
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*because only 0.15wt% B2O3 in this face coat, it is very difficult to detect YxBOy phase peaks 
                                  (c) 
 
Figure 6-14. The surface composition of the different face coats: (a) Yttria +sol, (b) YT 2.0 
face coat, and (c) YB 0.15 face coat. 
 
6.3.5 Si penetration problems by using sol ‘back penetration’ method 
The new developed mould production methods used sol back penetration from the backup 
coat to the face coat. The gelation will cause strengthening in the face coat during the 
de-wax process. However, this new method may cause Si ions to penetrate from the backup 
coat to the face coat before shell sintering. 
 
Sample moulds were made by the sol back penetration methods. These moulds were then cut 
through the cross section of the shell pieces, and the Si penetration distances were tested by 
selecting a rectangular area using EDX. Figure 6-15 below shows an example of the shell 
cross section and the selected rectangular areas from the face coat surface to the backup coat. 
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                               (a) 
 
                        (b) 
Figure 6-15. Image of the cross section of the shell: (a) the cross sectional microstructure of 
the shell, and (b) the selected area of analysis. 
 
The interfacial Si distribution and penetration distance using the yttria and Ti-coat sol back 
penetration methods compared to the face coat using Ti-coat sol as the binder are shown in 
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                                   (d) 
Figure 6-16. The Si penetration distance across the face coat at different temperatures.(a) 
yttria sol based binder face coat, (b) the water based binder based slurry with yttria sol 
backup penetrate, (c) Ti-coat sol based binder face coat, and (d) the water based binder slurry 
with Ti-coat sol backup penetrated. 
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As can be seen from Figure 6-16, the silica penetration distance from the backup coat into 
the face coat increased with increasing sintering temperature due to the high activity of the 
Si ions at higher temperatures. Compared to the sol based face coat slurry, using backup 
penetration method, an increased Si concentration was detected on the face coat surface at 
the same sintering temperatures. The largest diffusion distances of Si have been found in 
samples with Yttria sol back penetration after firing at 1550 °C for one hour. Therefore, in 
order to avoid Si penetration, the shell using yttria sol back penetration methods can only be 
used for sintering at temperatures below 1400 °C in order to avoid too much Si diffusing into 
the face coat. Using Ti-coat sol in the backup penetration method seems to have a shorter Si 
penetration distance, and high temperature sintering only causes a slight increase of Si. The 
percentage Si penetration distances calculated from Figure 6-16 for the different moulds are 
shown in Table 6-5 and calculated using equation 6-1: 




                                           6-1 
where, Sid  is the Si penetration distance (µm), facecoatd  is the total thickness of the face 
coat (µm). 
 
Table 6-5.The %Si penetration distance of the Sol based back penetrate mould at different 
firing temperatures. 
Sample ID 1000 °C 1200 °C 1400 °C 1550 °C 
Yttra sol back penetrate 58.66 % 59.2 % 60.2 % All react 
Yttria sol based slurry not observed not observed 18.2 % 20.2 % 
Ti-Coat sol back penetrate 34.2 % 45.3 % 38.4 % 47.1 % 
Ti-coat sol based slurry not observed 21.1 % 13.6 % 20.2 % 
 
Therefore, comparing the backup penetration methods, there is not too much difference in 
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the Si penetration distance using Ti-coat and yttria sol in the slurry (~20% at 1550 °C). But 
when using back up penetration method (after sintering at 1550 °C), Si penetrated into nearly 
half of the face coat thickness (around 125 µm if the face coat is 250 µm thick) using Ti-coat 
sol, and fully penetrated into the face coat using yttria sol. Using yttria sol, even sintered at 
very low temperatures around 1000 °C, the Si can still penetrate more than half way through 
the face coat (58.66 % of the face coat thickness). Therefore, this kind of shell should be 
used carefully even at low sintering temperatures.  
 
6.3.6 Shell cross section images 
According to the Si concentration and microstructures, the cross section of the ceramic shell 
can be generally divided into three different regions from the shell surface down to the 
backup coats. They are: the un-reacted region, the reacted region and the backup coat, see 
Figure 6-17 (a). The layer in light colour is the face coat, and the layer in grey colour is the 
backup coat. As can be seen, the face coat cross sectional microstructure is different for 
different mould types and sintering temperatures. High sintering temperatures cause an 
increase in the reaction region thickness. Moulds using yttria sol back penetration show 
more obvious interaction taking place than moulds using Ti-coat sol. (e.g. Figure 6-17 (b)).  
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                                   (a) 
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                                 (c) 
 
                                 (d) 
Figure 6-17.The cross sectional microstructure of the shell, (a) Ti-coat sol back penetration 
shell sintered at 1550 °C for one hour, (b) yttria sol back penetration sintered at 1550 °C for 
one hour, (c) Ti-coat back up penetrate shell sintered at 1550 °C for one hour and (d) Ti-coat 
sol backup penetration shell sintering at 1200 °C for one hour. 
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The EDX analysis showed that there was very high Si detected at the reacted region between 
the face coat and the backup coat in Figure 6-17(b), and the detected area and element 
concentrations are shown in Figure 6-18 and Table 6-6. The thickness of this reaction region 
depended on the sintering temperatures. 
 
 
Figure 6-18. The EDX Spectrum of the reacted layer of a sample using yttria sol back 
penetration sintered at temperature 1550 °C. 
 
Table 6-6. The composition of the fused yttria area (wt%). 
Elements  Si O Y Al 
Spectrum 1  20.82 79.18 - 
Spectrum 2 25.16 43.09 21.86 9.89 
Spectrum 3 17.03 29.78 52.94 0.25 
Spectrum 4 52.51 30.74 16.75 - 
 
From the EDX composition, the new phase formed at this area is likely to be an Y2SiO5 
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phase detected in XRD results in Figure 6-14 (a). 
 
6.4 Conclusions 
1. After firing at different temperatures, Si was found on the shell face coat surface. By 
considering the composition of the face coat and firing conditions, the only source of this Si 
is from the backup coats. The amount of Si penetration from the backup coat to the face coat 
is dependent on three factors; firing temperature, sintering additives and production process.  
 
2. Sintering additives such as ZrO2, Al2O3, etc may enhance the diffusivity of Si in the face 
coat during the firing process, and the Si concentration found at different face coat surfaces 
decreased as: YAZ>YF 0.15>YB 0,15>pure yttria.  
 
3. By using the sol back penetration methods to strengthen the face coat, the Si concentration 
on the shell surface was found to increase with increasing firing temperatures. Compared to 
yttria sol, using Ti-coat sol had a shorter Si penetration distance and it is possible to use it in 











                                                                                                                                    
Chapter 7-Investment casting of Titanium aluminide alloys 
 198 
Chapter 7 Investment casting of Titanium aluminide alloys 
 
This section focus on using the new water based slurry and the‘sol back penetration’method 
to make investment casting shells. The interaction between the new face coat and molten 
metal has been indentified and compared with the predictions based on the sessile drop test 
results in Chapter 5. 
 
7.1 Sample preparation  
7.1.1 Wax mould preparations 
In order to cast the TiAl alloy and compare the interaction between different face coats, an 
investment casting mould was designed, see Figure 7-1. The mould consisted of a large 
cylindrical downsprue and four vertical test bars (1.5 cm diameter and 20 cm height) 
connected via a bottom gating system.  
 
 
                Figure 7-1. The test mould wax assembly 
                                                                                                                                    
Chapter 7-Investment casting of Titanium aluminide alloys 
 199 
7.1.2 Face coat slurry preparations and mould manufacture 
The face coat slurry and mould making process are described in Chapter 6, and the face coat 
slurry formulations are shown in Table 7-1. All the slurries were blended for at least 2 days 
to ensure a uniform composition before use. During shelling, different face coat formulations 
were applied to each test bar and then backed up with the Al2O3-SiO2 based slurry. 
 
Table 7-1. The face coat slurry compositions. 
Sample 
ID 






80 wt% 19.8wt% 0.15 wt% 0.05 wt% 
YB Yttria+ 0.15wt%B2O3 Cellulose water 
solution 
Victawet 12 Burst RSD-10 
YF 2.0 Yttria + 2.0wt% YF3 PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
YAZ Commercial YAZ PV alcohol 
water solution 
Victawet 12 Burst RSD-10 
Yttria 
+sol 
-200 mesh pure yttria 
powder 
PV alchol + 
yttria sol 
Victawet 12 Burst RSD-10 
F-doped F-doped powder 
(Tribachelaer TM) 
Ti-coat sol Victawet 12 Burst RSD-10 
*    Yttria+ sol is the industry standard shell for casting TiAl alloys 
 F-doped is a recent industry shell system. 
 
After de-waxing in a Boilerclave, shells were fired at 1200 °C for 3 hours. Vents introduced 
into the base of the downsprue to assist de-waxing were sealed using fireclay and allowed to 
dry for at least one day prior to casting, see Figure 7-2. A total of three moulds were invested 
examples of which are shown in Table 7-2.  
 
 
                                                                                                                                    




Figure 7-2. Test moulds after firing and sealing 
 
Table 7-2. Face coat compositions used in the three test moulds 
Mould ID          Bars number with the face coat composition 
No. 1 No. 2 No. 3 No. 4 
Mould   1 Yttria+ sol YF 0.15 YAZ YB 0.15 
Mould   2 Yttria+ sol YF 0.15 YAZ YB 0.15 
Mould   3 Yttria +sol F-doped YAZ YF 0.15 
*Mould 1 and 3 had two layers of the face coat 
 Mould 2 had a single layer of the face coat 
 
7.1.3 Centrifugal casting and mould knockout  
The ceramic shells were pre-heated to around 1000 °C. The alloy used in this experiment had 
the same composition as the sessile drop test, and it was melted using an Induction Skull 
Melting (ISM) furnace at temperature around 1600 °C as shown in Figure 7-3(a). The metal 
was gravity poured into a mould, which rotating at 400 rpm on a rotating platform. After 
Mould bottom 
Mould top 
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                                  (a) 
  
                                 (b)                      
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7.2 Results and discussion 
7.2.1Images of the bars bottom 
The bars, after removal of the outside shells, are shown in Figure 7-4. 
                               
 
                      (a) 
 
YF 0.15 YB 0.15 Yttria+Sol YAZ 
Mould 1 
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                      (b) 
 
                        (c) 
Figure 7-4. The cast bars after remove of the outer shell of each mould (a) mould 1, (b) 
mould 2, and (c) mould 3. 




YAZ F-doped Yttria+ Sol 
Mould 2 
Mould 3 
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The attached ceramic layers on test bars where the moulds have two layers of face coat 
applied were thicker. The attached face coat for the water based slurry systems were thinner 
than the standard F-doped and yttria + sol face coat in mould 3, and easily removed. Closer 
examination revealed some dark spots on those bars which had had a single coating of both 
YAZ and YF 0.15 in Figure 7-4 (b). Those dark spots appeared as either an isolated feature 
or clustered together in a small region. 
 
7.2.2 Bar surface microstructure and composition analysis 
The microstructures and composition of the bar surface were evaluated using an SEM with 
EDX analysis. Figure 7-5 shows the microstructure of one of the black spots shown in 
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                                (b) 
 
                               (c) 
Figure 7-5. The secondary electron image of the dark spots,(a) the selecting area, (b) 
elements peaks at spectrum 1, and (c) elements peaks at spectrum 2. 
 
Table 7-3. The compositions of the spectrum in Figure 7-5. (wt%) 
Elements C O Ti Al Si Mn Nb Y 
Spectrum 1 1.3 9.93 69.7 3.77 12.45 0.54 2.3 0 
Spectrum 2 4.4 13.86 5.6 6.99 2.92 0 0 66.22 
 
From the elemental peaks shown in Figure 7-5 and the selected area compositions in Table 
7-3, the difference between those dark spots and the surrounding regions was the high levels 
of Si (white phases are yttria filler particles). Such concentrations of Si could only be present 
in the secondary coats as silica. 
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7.2.3 Interfacial microstructure of cast bars (two face coats) 
All the bars were cut at the bottom position (Figure 7-3 (b)) where the metal have the longest 
time to cool down. 
 
7.2.3.1 yttria + sol face coat 
Figure 7-6 shows that the metal had a fully lamellar α2+γ microstructure, which is typical for 
the TiAl in the cast condition. An interaction layer was observed at the metal/shell interface 
with the average thickness around 4 µm, and it consists of a bright and dark phase. 
 
 
Figure 7-6.The backscattered image of the cast bar interface using yttria+sol face coat slurry. 
 
The EDX elemental mapping analysis results in Figure 7-7 showed this interaction layer 
contained high amount of oxygen. Comparing to the oxygen penetration distance and the 
interaction layer thickness in Figure 7-7 (a) & (b), it can be seen that the oxygen penetration 
distances were similar to the interaction layer thickness at the metal/shell interface. The dark 
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phases appeared to contain higher oxygen concentration than the surrounding regions.  
 
  
(a)    (b)   
  
               (c)                              (d)   
  
                (e)                               (f)               
                                                                                                                                    




Figure 7-7.The EDX element mapping of cast bar of sample F-doped at the metal/mould 
interface. (a) the backscatter images of the interface, (b) oxygen, (c) Aluminum, (d) Titanium, 
(e) Manganese, (f) yttrium, and (g) Niobium. 
 
7.2.3.2 YF 0.15 face coat 
The microstructure of the interface between the YF 0.15 face coat and the metal is shown in 
Figure 7-8. In a similar way to the yttria +sol face coat, the metal had a fully lamellar α2+γ 
microstructures and the attached face coat particles appeared at the surface of the metal.  
But different from using the yttria +sol face coat, the average interaction layer thickness at 
the interface is around 5 µm. 
 
    
(a)                                   (b) 
Figure 7-8.The backscattered images of the cast bar metal/shell interface (two layers of face 
coat) of sample using YF 0.15 face coat slurry. 
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7.2.3.3 YAZ face coat 
Figure 7-9 shows the SEM micrograph taken from the interface between the mould using 
YAZ face coat and the metal. In comparison with other crucibles, there is no significant 
different between the YAZ face coat and the molten metal. The average interaction layer 
thickness observed at the interface is around 4.1 µm. 
 
   
(a) (b) 
Figure 7-9.The backscattered images of the cast bar metal/shell interface (two layers of face 
coat) of using YAZ face coat slurry. 
 
7.2.3.4 F-doped face coat 
The microstructure of the interface between the mould using F-doped face coat and the TiAl 
alloys are shown in Figure 7-10. The metal also had a fully lamellar structure typical of an as 
cast TiAl alloy. But, it can be noted that the attached face coat layer in the sample surface is 
thicker than using other face coat with the average thickness around 5 µm. By using the 
F-doped face coat, the interaction layer observed at the interface is around 7 µm. 
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(a) (b) 
Figure 7-10.The backscattered images of the cast bar metal/shell interface (two layers of face 
coat) of using F-doped face coat slurry. 
 
7.2.3.5 YB 0.15 face coat 
Compared to the microstructure observed at the interface of using other crucible, the 
microstructure found at mould using YB 0.15 face coat was different from other face coats. 
The interaction layer at the metal using YB 0.15 face coat shows a uniform layer at the metal 
interface and the dark phases only observed at the interface between the interaction layer and 
the metal matrix. The average interaction layer thickness is around 6 µm. 
 
   
                  (a)                                (b) 
Figure 7-11.The backscattered images of the cast bar metal/shell interface (two layers of face 
coat) of using YB 0.15 face coat slurry. 
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7.2.3.6 Interaction layer thickness 
The average interaction layer thickness, with the standard deviations, for different face coat 




































Figure 7-12. The interaction layer thickness of different face coats (double layer face coat). 
 
Figure 7-12 shows that the interaction layer thickness differed for different face coats. For a 
standard Yttria+ Sol face coat, the interaction layer thickness is only around 4 µm, and hence 
this kind of face coat has a very high thermodynamic inertness. The superior chemical 
inertness of yttria face coat when in contact with molten TiAl has also reported by many 
researchers [42, 45, and 80]. By adding different sintering additives into the slurry, an 
increased interaction layer thickness was observed. The F-doped slurry face coat had the 
largest interaction layer thickness of around 7 µm, twice the thickness of that for the pure 
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yttria face coat even after applying two layers of face coat. Although the presence of 
sintering additives reduced the thermodynamic inertness of the yttria based face coat, all the 
slurries had a very limited interaction layer thickness of less than 8 µm, which could be 
removed after chemical milling or shot blasting.  
 
7.2.4 Si and oxygen penetration distance at the sample interface 
No Si was detected at the interface region for those bars with two layers of face coats 
(Mould 1 and 3). However, those with only one layer of face coat, weak Si peaks were 
detected at the metal/shell interface. Figure 7-13 shows the oxygen and Si concentrations 
within the immediate metal surface after the interface for bars that had only one layer of face 
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                                     (d) 
Figure 7-13.The oxygen and Si concentration change from the metal/shell interface into the 
metal matrix using one layer of face coat. (a) Yttria + Sol, (b) YB 0.15 wt%, and (c) YAZ 
shell, and (d) YF 0.15 wt% shell. 
 
From Figure 7-12, Si was detected at the cast interface and decreased with increasing depth 
into the TiAl. The greatest penetration of Si occurred with the YAZ system followed in 
decreasing order by coatings based on YF 0.15, YB 0.15 and finally the yttria +sol face coat. 
However in all cases there was no Si-rich phase observed at the interface regions, since all 
the Si is in solid solution within the TiAl matrix. The oxygen concentration in samples have 
same trend as Si, but with deeper penetration depth to the metal matrix. Sample using YB 
0.15 has the thickest oxygen penetration distance and the the corresponding oxygen 
penetration distances decreased as follows YB 0.15>YF 0.15> YAZ> Yttria +sol.  
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7.2.5 Hardness at the metal/shell interface (two coats of the face coat) 
Metal hardness measurements at increasing depths from the surface are presented 
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                                   (e) 
Figure 7-14. The hardness traces of the casting at the interface areas of samples using two 
layers of face coat. (a) F-doped sample, (b) Yttria +sol face coat slurry, (c) YF 0.15 face coat 
slurry, (d)YAZ face coat slurry, and (e) YB 0.15 face coat slurry. 
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Figure 7-14 highlights that with all coating systems the highest hardnesses were recorded at 
the interface and gradually decreased at increasing depths. The hardened layer thickness 
using the two layers of yttria + sol face coat was less than 15 µm. Compared to face coat 
using pure yttria, all the cast bar hardened layer thickness using new slurry is very similar. 
The hardened layer thickness was less than 25 µm when using YF 0.15 face coat, and for 
using YAZ and YB 0.15 shells was less than 23 µm and 24 µm respectively. Using 
commercial F-doped face coat, the hardened layer thickness was 25 µm.  
 
By considering the solid solute Si in the metal interface area may influence the hardness, the 











1 10 100 1000








                               (a) 
                                                                                                                                    










1 10 100 1000






















1 10 100 1000








                                  (c) 
                                                                                                                                    










1 10 100 1000













                                  (d)  
Figure 7-15. The hardness of the bar interface using one layer of face coat. (a) YB 0.15, (b) 
YAZ, (c)YF 0.15 and (d) Yttria + sol. 
 
As can be seen from the Figure 7-15, high hardness was found at the metal surface and 
gradually decrease into the metal matrix. The hardened layer thickness of yttria +sol was 
around 20 µm, and the hardened layer thickness of YB 0.15, YAZ and YF 0.15 were 25, 30, 
and 20 µm respectively. The hardened layer thicknesses were nearly the same irrespective if 
one and two layers of face coat had been applied to the mould.  
 
7.4 Conclusions 
In this section, the newly developed face coat slurries were used to make real investment 
castings. The purpose of this experimental work was to establish both the thermochemical 
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inertness of the face coat and the Si penetration problems that can develop as a result of their 
application to moulds which are to be exposed to TiAl. The conclusions have been 
generated. 
 
1. The newly designed face coat slurries have very good chemical inertness against molten 
TiAl alloys compared to the industrial used yttria and F-doped face coat. The inertness of the 
face coat decreased as: Yttria +sol > YAZ > YF 0.15 > YB 0.15 > F-doped face coat slurry. 
This result was the same as that predicted by the face coat inertness results in the sessile drop 
test by calculating the liquid metal spreading activation energy on the different face coats. 
 
2. Si penetration from backup coat was found at the interface if only one layer of the face 
coat was applied. The Si penetration thickness in the TiAl metal interface reduced in the 
order of F-doped>YAZ> YF 0.15=YB 0.15> Yttria +sol, the same sequence as the detected 
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Chapter 8. Discussion 
 
8.1 Filler powder development  
8.1.1 Filler powder sintering properties 
There are many factors that affect the sintering properties of face coat filler powder such as 
particle size and distribution, particle shape, particle structure, particle green density as well 
as the quantity of sintering additives [181-185]. 
 
8.1.1.1 Particle size and distribution 
The particle size and distribution of the powder compacts will influence the powder sintering 
properties [181]. The experiment result in Figure 3-12 and 3-13 for 2.0 wt% TiO2 with 
average powder size around 14.8 µm added into yttria. Smaller particles have a large surface 
area and greater likelihood of neck formation at contact points between two particles. 
Unfortunately, finer particles are more prone to agglomeration, as shown in Figure 3-11, so 
the green density is often reduced. The extent of neck growth can be calculated from the 
measured dimensional changes of pellets and powder particle size. The prediction of neck 
growth distance of powders after sintering at 1550 °C for one hour calculated from equation 












   
 









                                                         8-1 
where:  ρ is the necking distance (m) 
a is the particle diameter (m) 
ΔL is the pellet diameter (m) after sintering. 
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Table 8-1. Calculated necking distance ρ, after sintering at 1550°C for 1 hour. 
 
It is known that neck growth between particles is dependent on the added amount of the 
sintering additive, the particle size and distributions etc. Table 8-1 shows the calculated neck 
growth distance between two particles by considering those factors. In this table the additive 
boron oxide has the largest neck growth distance, followed by yttrium acetate, yttria sol, 
TiO2, YF3 and YAZ. Sintering additives La2O3 and CeO2 do not show very obvious effects in 
enhancing powder sintering, and the neck growth distance is similar to pure yttria. Sintering 
precursors like yttrium acetate and carbonate have some benefits in promoting powder 
         Samples ID    (ΔL/Lo)%  mean D( µm)      distance ρ (µm) 
B2O3              2.0 % 7.3 15.025 0.55  
B2O3              0.15 % 6.2 20.53 0.64  
Yttrium acetate      2.0 % 3.75 14 0.26  
Sol               2.0 % 2.55 12.06 0.15  
TiO2              0.15 % 2.8 14.64 0.2  
YF3               0.15 % 4 21.49 0.42  
TiO2              2.0 % 2.2 14.8 0.16  
Yttrium carbonate    2.0 %     2.1 14.27 0.15  
YAZ  1.75 13.78 0.12  
Yttrium acetate     0.15%  2.7 21.66 0.29  
CeO2             0.15% 2.1 19.5 0.2  
YF3              2.0% 1.2 12.95 0.08  
La2O3            0.15% 1.2 13.22 0.08  
CeO2             2.0% 1.5 17.48 0.13  
pure  yttria 1.2 14.88 0.09  
Yttrium carbonate   0.15%          1 19.325 0.1  
La2O3             2.0% 0.8 17.44 0.07  
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sintering and densification due to the local decomposition interaction of the sintering 
precursor, but these compounds have limited effects on the entire sintered body (Figure 3-18). 
Adding high concentrations of sintering precursor seems more beneficial but this may cause 
the decrease of the final density due to the large shrinkage pores generated with poor surface 
finish. However, this simplified neck growth distance in equation 8-1 and the calculated 
values in Table 8-1 only assumed that the sintering mechanisms of all the formulations are 
solid-state sintering, and the real sintering process is much more complicated.   
 
8.1.1.2 Particle shape and microstructures  
Particle shape influences primarily the green density of the powder compact. Mohamed N 
[184] illustrated that deviation from a spherical or equiax shape leads to a reduction in the 
packing density and densification. Compacts of acicular (elongated) particles can be sintered 
to high density only if the powder particles are aligned during packing. In this experiment, 
yttria based powders (Figure 3-11) have irregular shapes with very poor green packing 
density. Poor compact density leads to slower sintering and longer diffusion distances for 
elements to diffuse between particles to achieve high density. The density change after 
sintering at different isothermal temperatures for one hour in Table 3-4, shows that the higher 
green compact density, the higher final density after sintering.  
 
8.1.1.3 Sintering temperature and heating rate 
The effect of sintering temperature on the densification and coarsening process can be 
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presented by using the linear densification rate 
.













                                                             8-2 
Where 
.
  is now a function of both temperature and time, H1 is a constant, the diffusion 
coefficient D is now a function of temperature,   is the stress intensity factor,  is the 
sintering stress, k is the Boltzmann constant, and m is a constant that depends on different 
sintering mechanisms. ( , )mG T t  represents a coarsening function that depends on 
temperature and time and is presented in equation 8-3. 
0( ) exp( )
m m cQG t G A t
RT
                                                    8-3 
where 0G is the initial grain size, A is a constant, and CQ is the activation energy for the 
coarsening process. For constant rate sintering, the equation above will be written as: 
0




G T t G A dt
RT
 
   
 
                                             8-4 
In constant heating rate sintering, the sintering temperature T and the sintering time t are 
related by the heating rate , Therefore   
0T t T                                                                8-5 
dT dt                                                                8-6 








G T t G dT F T
RT 
 
    
 
                                   8-7 
where 1( )F T  is a function of temperature. Put equation 8-7 into equation 8-2: 
.
2 ( )F T                                                               8-8 
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where 2 ( )F T  is also a function of temperature only, by converting the linear densification 















                                                      8-9 
















                                                   8-10 
According to these equations, for compacts with same green density, the density at any 
temperature is only a function of temperature. 
 
The sintering behavior is also dependent on the heating rate of different types of powders 
[186]. For amorphous ceramics, viscous flow is the dominant densification mechanism with 
no powder/grain coarsening taking place. When increasing the heating rate, the shrinkage 
curve is shifted to higher temperatures [186]. But for a polycrystalline gel, the behavior is 
different, with the shrinkage curve shifting to lower temperature with increasing heating rate. 
 
The sintering and microstructure evolution of ZnO2 powder compacts was studied by Chu et 
al [187] over a wide range of constant heating rates (0.5-12 °C/min). This study shows that 
the densification rate increases with increasing heating rate. But the densification will not 
infinitely increase with the increasing heating rate. Lange et al [188] studied the sintering 
behavior of Al2O3 powder at constant heating rates of 2.5 to 20 °C/min from room 
temperature up to 1550 °C. This study found that there is a limit on the heating rate, and 
further increasing the heating rate will lead to a decreasing density. Fast heating will lead to 
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powder coarsening rather than densification. In the experimental data reported in this thesis, 
it is seen that slower heating rates are more beneficial for powder densification, see Figure 
3-10. 
 
8.1.1.4 Sintering additives and the sintering mechanisms 
8.1.1.4.1 Sintering precursors (yttrium carbonate, yttrium acetate) 
The decomposition of sintering precursors can produce nano-sized powder particles, and 
because of the large surface area, those small particles are very reactive [142]. By using 
nano-sized yttria particles, the starting temperature for sintering pure yttria can reduce to 
around 1000 °C [143]. These small particles also increase powder compact density by filling 
large gaps between particles. The sintering precursor will not influence the yttria 
thermochemical inertness due to very clean evaporation. This study shows that by using the 
precursor as the sintering aid, high density can only be achieved in some local areas within 
the poorly-sintered powder matrix. Therefore, sintering precursors added into yttria powder 
were not be considered as the face coat filler materials in this study. 
 
8.1.1.4.2 Sintering additives (TiO2, B2O3, La2O3. etc) 
In order to achieve a high density at low sintering temperatures in ceramics, solid sintering 
additives are sometimes added into the powder to enhance sintering. The enhanced sintering 
effects of adding sintering aids are due to the sintering additives interacting with yttria to 
form new phases which can promote matter diffusion between particles. These new phases 
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will not only enhance powder sintering but also reduce the sintering temperature.  
 
In this research, in order to attain better sintering properties of the face coat, sintering 
additives were incorporated selectively into the powder. When heating up to certain 
temperatures, chemical reactions will take place between sintering additives and the yttria 















Figure 8-2. B2O3-Y2O3 phase diagram . L-V and H-V=low and high vaterite –type structures, 
respectively.  
 
During heating, B2O3 will react with yttria to form new phases and this series of new phases 
will form local pockets of liquid phase around the powder surface (Figure 3-16). As the 
sintering temperature increases, these liquid phases will cause a very quick densification of 
the powder compacts (confirmed in the dilatometer test in Figure 3-8 (c)). Because of this 
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reaction, the powder can achieve a very high density at relatively low sintering temperature 
when compared to pure yttria. US patent number 2007161499 [127] used these transient 
liquid phases to achieve high density transparent yttria components at a relatively low 
sintering temperature of 1300-1500 °C. 
 
8.1.1.5 The prediction of sintering mechanism at different isothermal temperature 
By using Koji‘s methods (described in section 3.3.2 [156, 158]), the powder sintering 
mechanism at different isothermal temperatures can be predicted. The correction number 
L  was used (in equation 3-11) to reduce the pre-sintering effect, before isothermal 
sintering takes place, and this L  is defined as the shrinkage between the largest expansion 
of the sample and the sample dimension at the start of the isothermal heating stage. However, 
by studying the shrinkage curves of the powder pellets, the author found that the correction 
methods of Koji can not fully eliminate the pre-sintered effect during heating. Therefore, 
new correction methods were used in this experiment to better understand the powder 
sintering mechanisms. This new method used a corrective length ∆L(cor) to replace ∆L, a 
corrected isothermal sintering time (t-to) to replace t in equation 3-10, and the equation 
change to 8-11. 





n n t t
L kTa
  
   
 
                                         8-11 
corL = L - ocorL                                                          8-12 
Where, corL  is the length change at time t=to which is defined in equation 8-12, and 
the ocorL , to is shown in Figure 8-3. 




Figure 8-3. A schematic diagram dilatometer test trace of the correction methods with 
annotations used in this experiment. 
 
Therefore, by using this method some of the corrected isothermal sintering curves of 2.0 
wt% of different sintering additives (also including B2O3 at 0.15 wt%) added to the basic 
yttria powder trace are shown in Figure 8-4. 
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                                        (h) 
Figure 8-4. The corrected isothermal trace.(a) pure yttria, (b) 2.0 wt% YF3, (c) YAZ, (d) 
Yttria +sol, (e) 2.0 wt% TiO2, (f) 0.15 wt% B2O3, (g) 2.0 wt% B2O3, and (h) 2.0 wt% CeO2. 




By taking logarithms of the corrected time and shrinkage in Figure 8-4, a linear relationship 
of the corrected shrinkage and the corrected time based on equation 8-11 are obtained in 


































*At 1000°C yttria powder still in expansion 
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*no 2wt% TiO2 1000 data available due to powder still in expansion stage. 
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*no CeO2 2 wt% 1000 data available due to powder being still in the expansion stage. 
(h) 





























) La2O3 2wt% 1300
La2O3 2wt% 1550
 
*no 2wt% La2O3 1000, 1200 data available due to powder still in expansion stage. 
(i) 
Figure 8-5. Logarithm-corrected shrinkage-logarithm time plots of (a) pure yttria, (b) 2.0 
wt% YF3, (c) YAZ, (d) Yttria +sol, (e) TiO2 2.0 wt%, (f) 0.15 wt% B2O3, (g) 2.0 wt% B2O3, 
(h) 2.0 wt% CeO2, and (i) 2.0 wt% La2O3. 
 
Table 8-2. Sintering mechanism n value of each powder at different sintering temperatures. 
Sample ID 1000 °C 1200 °C 1300 °C 1550°C 
Yttria Expansion 0.31 0.32 0.27 
Sol     2.0wt% 0.76 0.66 0.36 0.14 
B2O3  0.15wt% 0.26 0.20 0.16 0.11 
B2O3   2.0wt% Re-solidification after 
forming 
new phase      1.56 
0.06 0.09 0.20 
YF3    2.0wt% 0.19 0.34 0.18 0.19 
TiO2   2.0 wt% Expansion (no shrinkage) 2.86 0.30 0.21 
YAZ 0.50 0.28 0.36 0.18 
CeO2   2.0wt% Expansion (no shrinkage) 0.27 0.09 0.32 
La2O3  2.0wt% Expansion (no shrinkage) Expansion 0.17 0.16 
 
Based on each n value and published sintering mechanisms in Table 8-2, the powder 
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sintering mechanism at different sintering temperatures are listed in Table 8-3. 
 
Table 8-3. The different sintering mechanism of different powder at different isothermal 
heating temperature. 
Sample ID 1000°C 1200°C 1300°C 1550°C 
Pure yttria Expansion Bulk diffusion  Bulk diffusion g. b diffusion 
Sol     
2.0wt% 
Vapor diffusion  Vapor diffusion Bulk diffusion g. b diffusion 
B2O3  
0.15wt% 
g. b diffusion g. b diffusion g. b diffusion Dissolution-precipitation 
(liquid phase sintering) 
B2O3   
2.0wt% 
Re-solidification after 
forming New phase      
1.56 
Dissolution-precipitation 
(liquid phase sintering) 
Dissolution-precipitation 
(liquid phase sintering) 
g. b diffusion 
YF3    
2.0wt% 
g. b diffusion Bulk diffusion  g. b diffusion g. b diffusion 
TiO2   
 2.0 wt% 
Expansion  
(no shrinkage) 
Viscous flow Bulk diffusion g. b diffusion 
YAZ Vapor diffusion g. b diffusion Bulk diffusion g. b diffusion 




g. b diffusion Dissolution-precipitation 








g. b diffusion g. b diffusion 
 
As can be seem from the table, B2O3 is the most effective additive through the entire 
experimental groups due to the dissolution-precipitation sintering mechanism which taken 
place at comparably low temperature around 1200 °C, which largely enhanced powder 
sintering. The sintering additives YF3 and YAZ can also enhance material diffusion between 
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particles with different sintering mechanisms, and no compact expansion took place at 
sintering temperatures around 1000 °C. Sintering additives such as TiO2, CeO2 and La2O3 
seem to retard yttria powder sintering at temperatures around 1000 to 1200 °C, and proved 
more beneficial in improving the sintering of the powder at temperatures higher than 
1200 °C (confirmed with the published data [138, 141]). 
 
However, the results shown in the table show that the dominant sintering mechanism for the 
2.0 wt% B2O3 added powder is liquid state sintering at temperatures around 1200 °C. But 
from the phase diagram, the liquid phase only appeared at temperatures higher than 1373 °C 
(Figure 8-2) unless the additives segregated to local areas (particle surface, grain boundary) 
which can cause the liquid to be present below the eutectic temperature [190]. Also, the table 
also shows that at 1400 °C, the dominating sintering mechanism for powder 2.0 wt% CeO2 is 
dissolution-precipitation (liquid phase sintering), but from the XRD data in Figure 3-19 (f), 
there is no evidence to support this prediction.  
 
By analyzing the experimental observations and the predicted sintering mechanisms, the 
results shown in Table 8-3 seem to have slightly over estimated the powder sintering 
temperatures for certain sintering mechanism. But the sintering mechanisms and the 
correction methods shown above still can give a general idea of powder sintering behaviors 
and the material diffusion routes.  
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8.1.1.6 Sintering activation energy calculation (CRH) 
By using the constant rate heating method [158, 159], the powder sintering activation energy 
can be calculated from the slope of the trace by plotting    ln / /T dT dt d dT  and 1/T 
according to equation 3-6. Because the sintering mechanisms change with temperature, the 
activation energy for powder sintering also changed. Figure 8-6 gives an example of the 




























Figure 8-6. The shrinkage curve of pure yttria with annotations. 
 
From this graph it can be seen that, by increasing the sintering temperature, the sintering 
curve can be divided into three regions, in each region, the plot of value 
   ln / /T dT dt d dT  and 1/T has a linear relationship. The sintering activation energy 
changes at different temperature ranges. The detailed trace information at different 
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temperature regions of pure yttria sintered at 5 °C/min is shown in Figure 8-7. 
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                                 (c) 
Figure 8-7. Constant rate heating (CRH) shrinkage trace of pure yttria powder. (a) region 1 
(1000-1200°C), (b)region 2 (1200-1250 °C), and (c) region 3 (1250-1400 °C). 
 
The sintering activation energy calculated from equation 3-6 using the data in Figure 8-7 
with the predicted sintering mechanism (Table 8-3) is shown in Table 8-4. 
 
Table 8-4. Yttria sintering activation energy at different temperature range. 
temperatures 1000-1200°C 1200-1250°C 1250-1400°C 1400-1500°C 
energy 78.675 kJ/mol 331.8 kJ/mol 509.56 kJ/mol 324.71 kJ/mol 
Sintering 
mechanisms 
Expansion Bulk diffusion Bulk diffusion g. b diffusion 
 
The published data for yttria powder sintering for grain boundary diffusion are 410 kJ/mol 
[191], 340 kJ/mol [192], 398 kJ/mol [193], 336 kJ/mol [194] and for bulk diffusion is 4.1ev 
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(equal to 395 kJ/mol) [194]. In this experiment, the grain boundary diffusion activation 
energy was calculated to be around 324.71 kJ/mol and bulk diffusion activation energy 
around 331.8 to 509 kJ/mol, very similar to the published data. The similarly between the 
activation energy value of this experiment and published data means that the methods can 
successfully be used in this experiment, and the other sintering additive sintering activation 
energies calculated using this method are listed in Table 8-5. 
 
Table 8-5. The activation energy at different temperature range of different sintering additive 
added 
Sol 2 wt% 1000-1100 °C 1100-1150 °C 1150-1300 °C 1300-1400 °C 1400-1550 °C 
energy 33 kJ/mol 126 kJ/mol 566 kJ/mol 382 kJ/mol 319 kJ/mol 
 
B2O30.15wt% 1000-1100°C 1100-1150 °C 1150-1200 °C 1200-1350 °C 1350-1550 °C 
energy 393kJ/mol 123kJ/mol -283 kJ/mol 589 kJ/mol 259 kJ/mol 
 
B2O32 wt% 1000-1100 °C 1100-1200 °C 1200-1300 °C 1300-1400 °C 1400-1550 °C 
energy 274 kJ/mol 170 kJ/mol -139 kJ/mol 133 kJ/mol 298 kJ/mol 
 
YF3 2 wt% 1000-1100 °C 1100-1200 °C 1200-1300 °C 1300-1400 °C 1400-1550 °C 
energy -72 kJ/mol 97 kJ/mol 730 kJ/mol 211 kJ/mol 177 kJ/mol 
 
TiO22wt% 1000-1100 °C 1100-1200 °C 1200-1300 °C 1300-1400 °C 1400-1550 °C 
energy 67 kJ/mol 534 kJ/mol 508 kJ/mol 229 kJ/mol 148 kJ/mol 
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YAZ 1000-1150°C 1150-1200 °C 1200-1300 °C 1300-1400 °C 1400-1550 °C 
energy unsintered 1743 kJ/mol 822 kJ/mol 179 kJ/mol 79 kJ/mol 
 
CeO2 2 wt% 1000-1150 °C 1150-1250 °C 1250-1300 °C 1300-1500 °C 
energy unsintered 157 kJ/mol 857 kJ/mol 614 kJ/mol 
 
La2O3 2 wt% 1000-1250 °C 1250-1300 °C 1300-1500 °C 
energy 17 kJ/mol 281 kJ/mol 668 kJ/mol 
 
Therefore, from Table 8-3 and Table 8-5 it can be seen that the sintering activation energy for 
the solid state sintering is higher than the liquid phase sintering process. By adding different 
sintering additives, the activation energy for the yttria powder sintering is different for 
different systems dependent on the different sintering mechanisms. In this experiment, the 
activation energy for bulk diffusion is around 400 kJ/mol and for gain boundary diffusion is 
around 300 kJ/mol. But for liquid phase sintering, the activation energies are always less 
than 250 kJ/mol, and some powder systems such as B2O3 have a negative value. The 
negative calculated activation energy of sintering means that at that temperature range, due 
to the chemical interaction taking place, the material diffusion between particles can largely 
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8.2 Face coat slurry development 
8.2.1 The life of the slurry 
The life of the slurry is different for different sintering additive systems. Most aqueous 
solution of the metal oxides used in this experiment are acidic, e.g. for 0.15 wt% boron oxide 
dissolved into 100 ml water, the solution had pH value around 3.62. But the polymer water 
solution (Poly vinyl alcohol) has a pH around 6.27. Therefore, the mis-match in pH of the 
polymer solutions and the oxide solutions will cause premature gelling problems in the 
slurry. 
 
The study (Figure 4-8) found that the yttria filler will still undergo a slow gelation process 
even without adding sol into the slurry. For the water based pure yttria filler binder slurry, 
the life was around two weeks. The amount of the sintering aids will also influence the yttria 
particle gelation speed, the more additive the quicker of the slurry gelation, e.g. YF 0.15 
wt% had a life time around 10 days while YF 2.0 wt% had a life time only around 5 days 
(Figure 4-8). However, some of the sintering additives had the opposite effect, which can 
extend the life of the slurry, e.g. the YB 0.15 and YAZ face coat slurry systems. The increase 
in the life of the YAZ face coat slurry may due to the addition of ZrO2 particles. Yasrebi, M, 
1997 [86] studied the colloidal stability of zirconia-doped yttria–silica binary aqueous 
suspensions and found ZrO2 has higher hydration rate than Y2O3, therefore, instead of the 
hydration reaction taking place between yttria particles, ZrO2 will first hydrate and slow 
down the gelation of the slurry. There is no published data available to explain the reduced 
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hydration effect of the slurry with B2O3 as the additive. For industrial purposes, the slurry 
should have a life time of at least 2 weeks. Therefore, the slurry candidate YB 0.15, YAZ, YF 
0.15 may be used in this application. 
 
8.2.2 Face coat surface finish 
Shell surface roughness not only influenced the surface finish of the cast metal component 
but also influenced the wetting or spreading behavior of the metal on the ceramic shell [55]. 
The smoother the shell surfaces, the easier it is for liquid metal to spread out [54].  
 
From Figure 4-9 can be seen that, after sintering additives were added into the slurry, the 
shell surface roughness was changed. The yttria + sol and YAZ face coats have the 
smoothest surface finish, but the maximum roughness difference between the best and the 
worst face coat is around 3 µm in the test samples, which is acceptable for the industrial use. 
 
8.2.3 Sintering properties of the face coat 
Due to the different green density and packing structures, the slip cast and the filler powder 
compacts showed different sintering behaviors, especially at temperatures exceed 1200 °C. 
The filler powder compact seems likely to have a lower sintering starting temperature but 
with a delayed densification speed, see Figure 4-12. At low heating temperatures 
(25-500 °C), the slip cast samples shows some small shrinkage peaks in the dilatometer 
traces due to water evaporation, polymer burn out, and yttrium acetate decomposition.  
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Polymer addition face coats seem to have some benefit in increased face coat strength, which 
was confirmed by the friability test results shown in Table 4-4 and Table 4-5. At 1000 °C, 
nearly all the face coats were still undergoing thermal expansion and no densification took 
place, but after increasing the sintering temperature to around 1200 °C, YB 0.15 wt%, YT 
2.0 wt% and YF 2.0 wt% powder had already begun to shrink, with decreasing friability, see 
Table 4-5 (except for the YT 2.0 wt% sample). One possible explanation of the high 
friability value of YT 2.0 wt% sample is the large density grains formed (Figure 4-10, (d)), 
which had very poor bonding with powder matrix and easily brushed off during the friability 
test.  
 
8.3 Chemical inertness of the face coat 
8.3.1 Face coat refractory thermodynamic analysis 
It has been observed that the extent of the chemical interaction between the molten metal and 
ceramic is different for different face coat systems, dependent on the thermodynamic 
inertness of the oxides when in contact with molten metal. High interaction temperatures 
make the decomposition of the oxide and the oxidation of the TiAl alloy become an 
energetically favorable process. The thermodynamic inertness of the face coat is dependent 
on the Gibbs free energy changes during the decomposition process based on equation 8-13 
below [68]:  
( )x yM O yO TiAl xM                                                        8-13                                   
where, x, y, are constants dependent on the oxide. After the interaction, the released oxygen 
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will penetrate into the metal and oxidize or harden the metal at the metal/shell interface. 
Yttria, as a rare earth oxide, used in this experiment has a superior inertness against molten 
TiAl alloys [41, 80] when compared to many oxides. 
 
As is known, the sintering additive YF3 has a low evaporation temperature, around 1000 °C 
[155], and no YF3 peaks have been detected at elevated sintering temperatures, even when 
2.0 wt% of YF3 was added into yttria, by the XRD tests in Figure 3-21(a). Therefore, the 
influence of the YF3 in the face coat after sintering at 1200 °C for one hour on the chemical 
inertness of the yttria face coat is limited. In the sample of YB 0.15, 0.15 wt% B2O3 was 
added into the yttria powder to help sintering. When sintering at 1200 °C, boron oxide will 
interact with the yttria forming the new phases, YBO3 or Y3BO6. Because of a lack of 
thermal chemical data having been reported for those compounds, the chemical inertness of 
this type of shell was previously unknown. However, with only a small amount of boron 
added into the face coat this would not influence the thermal inertness of the yttria 
dramatically. 
  
For the face coat with YAZ, in which 0.5 wt% Al2O3 and 0.5 wt% ZrO2 were added into the 
yttria. From the ternary phase diagram of Y2O3-Al2O3-ZrO2 [175], when sintered at 1200 °C, 
the possible new phases in the YAZ face coat may be Y4Zr3O12 and Y4Al2O9, and these new 
phases may react with the molten metal and degrade the inertness of the yttria face coat. 
Some metal oxide formation Gibbs energies are shown in Table 8-6 [68].  
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Table 8-6. The formation energy (kJ/mol) of ceramic systems at 1873K, 1898K and 1923K. 
per mol/O2 [68] 
compositions 1873k 1898k 1923k 
Y2O3 -899.77 -894.66  -864.89 










Considering the oxidation properties of TiAl alloys when interacting at 1600 °C, 1625°C, 
and 1650 °C, as the metal oxide Gibbs reduction energy of yttria and zirconia are much more 
negative than TiO2 and Al2O3, so the decomposition of yttria in energetically unfavorable.  
 
Based on the above discussion and the amount of sintering additive, all the new developed 
test face coat systems have reduced thermochemcial inertness compared with the yttria + sol 
face coat system, and the more sintering additives added into the face coat the greater the 
chance for the face coat to interact with metal.  
 
8.3.2 Wetting dynamics of molten TiAl on the shell 
It has been reported previously that the initial contact angle of a liquid metal on a ceramic 
substrate is closely related to the substrate roughness, the rougher the shell the larger the 
contact angle [54]. Due to a similar measured roughness for all the face coats (reported in 
Chapter 4), so the influence of the surface roughness on the molten metal spreading on the 
shell surface was small. In the experiments, the behavior of the molten metal drop on the 
ceramic shell is considered to be an interaction controlled process.  
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After re-melting, molten metal interacted with face coat spread out on the shell surface. The 
spreading rate of the molten metal was different for the different face coat systems. From the 
literature (Chapter 2), the fastest diameter change for the drop is due to the interaction taking 
place between the shell and molten metal. 
 
By observing the wetting behavior of molten drops on ceramic shells, Lopez and Kennedy 
[60] indicated that the wetting process is thermally activated, since the process clearly 








                                                        8-14  
where, r is diameter of the sessile drop, t the measured time. dr / dt  is the speed of sessile 
drop spreading, k is a numerical constant, Ea is the spreading activation energy, R is the gas 
constant, and T is the temperature (°C). By taking logarithms of both sides, equation 8-14 is 
formed: 
1





   
 
                                                  8-15 
Therefore, plotting the logarithm of the sessile drop contact diameter change rate for 
different systems against 1/T, the activation energy for the metal spreading on each ceramic 
face coat system can be calculated from the slope of the traces. The Arrhenius type behavior 
of the drop contact diameter change can be seen in Figure 8-8 (All the samples showed a 
very good linear Arrhenius relationship, > 90%).   
























Figure 8-8. Arrhenius plot of the sessile drop diameter change rate at different interaction 
temperatures. 
 
The spreading activation energy can be calculated from the plot of each line, and is shown in 
Table 8-7: 
 
Table 8-7. The metal spreading activation energy of each face coat system.  
Sample ID Activation energy (kJ/mol) 
Yttria +Sol 24.9 
YAZ 144.7 
YF 0.15 397.4 
YB 0.15 879.6 
 
The spreading activation free energy of TiAl alloys on the sintering additive systems were 
all larger than that of the pure yttria face coat system. The high value of the activation energy 
indicated that the spreading is not only dominated by viscous flow, but also closely 
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associated with the interaction between metal and ceramic. In this work, the face coats of YF 
0.15 and YB 0.15 have very large activation energies, which confirmed that the wetting is 
driven by the chemical reaction at the interface. It also should be noted that, due to the 
equipment limitations, the drop flash re-melt detecting reaction time t is quite low at each 
temperature. In order to better understand the interaction between the metal and face coat, 
improvements in testing conditions should be done in future. 
 
Therefore, from this point the reactivity of the face coat system is decreased in the order 
YB0.15>YF 0.15>YAZ>Y+sol. This prediction is the same as the experimental observation 
of centrifugal casting of TiAl bars in Chapter 7. 
 
8.3.3 The prediction of re-melting time 
Barbosa, 2006[41] found that the high hardness of the TiAl alloy at the metal/shell interfacial 
area was due to the oxygen from the face coat penetrating into the metal/shell interface 
during the casting process and causing solid solution hardening in the interface area. Based 
on this research, the hardened layer growth rate should be also closely related to the oxygen 
penetration rate at different interaction temperatures. By increasing the contact time, the 
hardened layer thickness is also increased. According to the diffusion equation, as distance is 
a function of the square root of time, therefore, the oxygen diffusion distance should also be 
a linear relationship with the square root of contact time.  
 
                                                                                                                                    
Chapter 8-Discussion 
 256 
In this experiment, contact time (t) was defined as the elapsed time from the ram beginning 
to move into the chamber 2 to the withdrawal, and a time to is needed for the metal piece to 
fully melt and react with the shell after entry into chamber 2. In order to find the actual 
interaction time of the molten metal and ceramic, a linear relationship was established 
between hardened layer thickness and the square root of the real interaction time (t-to). By 
adjusting ‗to‘ to best fit the linear relationship, the actual interaction time can be obtained, e.g. 
the largest R2 value around 0.98 is obtained when t0 = 51-52s, which means if the contact 
time is 60s in 1600 °C, the real interaction time between molten metal and ceramic is around 
8s. Figure 8-9 shows the linear relationship of the hardened layer thickness and square root 
of time at different interaction temperatures. 
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                                   (c) 
Figure 8-9. The linear relationship of the hardened layer thickness and square root of time of 
sample YF 0.15 at different interaction temperature, (a) 1600 °C, (b) 1625 °C, and (c) 
1650 °C. 
 
The actual interaction time to needed for re-melting the sessile drop at different interaction 
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temperatures was calculated and shown in Table 8-8. The higher the interaction temperature, 
the shorter the time needed to fully melt the metal piece on the ceramic shell surface. For 
interaction at 1600 °C, the calculated real interaction times were 8 s (60 s contact time), 18 s 
(70 s contact time) and 28 s (80 s contact time). For interaction at 1625 °C, the real 
interaction times were 5 s, 15 s, 25 s (contact times of 40 s, 50 s, and 60 s). For interaction at 
1650 °C, the real interaction times were: 14 s, 24 s, and 34 s (contact times were 30 s, 40 s, 
and 50 s). Compared to the real interaction time during investment centrifugal casting of 
around of 2 s for a 10 mm diameter bar, the sessile drop test created a more severe 
interaction between the ceramic shell and metal.  
 
Table 8-8. The to values at different interaction temperatures. 
Sample ID 1600 °C 1625 °C 1650 °C 
YF 0.15 51-52 s 33-34 s 15-16 s 
 
Due to the limitation of the experimental setting, the metal melting process on the ceramic 
shells was difficult to observe and control. Therefore, the prediction of the interaction time 
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8.4 The reliability of face coat slurry 
8.4.1 The strength of the face coat  
The newly developed water based slurry can be successfully used in the small scale plate 
crucible giving a very smooth surface finish (see Figure 6-2), but when they were used to 
make the large moulds, after de-wax, the face coat peeled off and de-laminated, see Figure 
6-3. The reason for the face coats peeling off during de-wax is the reduced strengthening 
effect of the polymer in the face coat at temperatures around 180 °C.  
 
In order to improve this behaviour, a new method called the ‗sol back penetration‘ method 
was developed. This new method used the gelation reaction which takes place between the 
face coat and the sol to maintain the face coat strength to very high temperatures. Therefore, 
by using this method, the face coat can survive in the de-wax process without the face coat 
pealing off and delaminating. This method offers a new route to produce ceramic shells by 
separating the slurry manufacture and gelling process. 
 
8.4.2 Si penetration problems by using new methods 
The Si penetration problems from the backup coat to the face coat can be influenced by three 
factors; first is the sintering/firing temperature; second is the face coat additives and the third 
is the production method. 
 
As it is known, by increasing the sintering temperature, the activity of Si will increase, so 
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higher Si concentration was detected on the shell surface. The Si diffusion activation energy 
in the yttria face coat could be calculated according to the Arrhenius relationship in Figure 
6-13 and was around 20 kJ/mol.  
 
By adding different sintering additives into the face coat, the Si concentrations on the 
different face coat surface were different for the same sintering temperatures. These 
differences were due to the sintering additives enhancing the Si diffusivity in the yttria face 
coat. At high sintering temperature, the detected Si concentration on the mould surface is 
decreased, which may due to the higher density of the face coat which made Si diffusion 
difficult. 
 
By using the ‗sol back penetration‘ methods, the possibility of Si ions penetrated from the 
backup layer to the face coat is increased. Two types of sol (yttria sol and Ti-coat sol) were 
used to test the Si ion penetration distance at different sintering temperatures. From these 
results, using Ti-coat in the ‗sol back penetration‘ a much shorter diffusion distance than that 
using yttria sol was achieved (Figure 6-16, Table 6-5). The different Si penetration distance 
of those two face coats may due to the different face coat density at different sintering 
temperatures, and more dense face coat layer seemed to retard Si penetration more, see 
Figure 8-10 (The Friability test results of the face coat using Ti-coat back penetration 
methods (Table 6-3) and the %Si penetration distances (Table 6-5)). 




Figure 8-10. The %Si penetration distance with the friability change of the face coat by using 
Ti-coat back penetrates methods. 
 
When sintering at 1000 and 1200 °C, the friability for the Ti-coat sol back penetrated sample 
was almost the same, but the %Si penetration distance increased with increasing sintering 
temperatures. At higher sintering temperatures (1400 °C), the face coat density increased, 
although at high temperature Si has higher activity, but due to the increased the strength of 
the face coat, the detected Si amount at the face coat surface was decreased. This maybe 
explained as at higher temperature, the bonding formation between the particles is stronger 
than at low temperature due to the powder particle ‗neck‘ growth. Compared to the slip 
casting sample at lower temperature around 1000 °C, the sample at high sintering 
temperature is denser and made the diffusion of Si difficult. 
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8.5 Investment casting of Titanium aluminide alloy 
8.5.1 The inertness of the face coat 
The interaction between the metal and the shell will cause the decomposition of the face coat 
surface releasing oxygen to diffuse into the metal interfacial areas, see Figure 7-7. Although 
the dissolution of oxygen from yttria is energetically unfavorable, an undoubted high 
hardness and oxygen enrich layer was observed at the investment casting bar surface. This 
means that some sort of interaction between TiAl and yttria face coat has taken place. 
According to the study by Renjie, Cui [195] and Ding [196], one possible cause is the 
dissolution of yttria, which takes place during casting at high temperatures. 
 
Compared to the massive reaction which took place in the sessile drop test (metal was 
melted from the cylindrical sample surface), investment casting gives a more stable and 
uniform interaction at the metal/shell interface, therefore, a very uniform interaction layer 
was formed. The chemical thermodynamic inertness of the face coat according to the 
thickness of the interaction layer observed at the metal/shell interface is given as; yttria+ 
sol> YAZ> YF 0.15> YB 0.15> F-doped face coat shells (Figure 7-11).  
 
The spreading activation energy in the sessile drop test calculated from the Arrhenius 
relationship between the drop contact diameter changing rate at different interaction 
temperatures (Table 8-7), gave the predicted face coat inertness as: yttria + sol> YAZ > YF 
0.15 > YB 0.15, and this is the same as that observed in the investment casting from the 
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interaction layer thickness. Therefore, the prediction of inertness of the face coat using the 
sessile drop test by calculating the metal spreading activation energy was correct. The 
magnitude of the spreading activation energy correlated to a more severe interaction which 
took place between the ceramic shell and the metal. 
 
The F-doped face coat slurry, which had the largest interaction layer thickness, had already 
been used to cast TiAl turbine blades in industrial applications with acceptable inertness and 
properties. So, all the newly developed face coat slurry systems can be potential face coat 
slurries for use in casting TiAl alloys in the future, with the benefit of increasing the slurry 
life time from hours to days. Meanwhile, the attached face coat layer thickness on the cast 
component surfaces of these water based face coat slurries was thin and easily removed 
(Figure 7-4). 
 
8.5.2 The interface hardness and element penetration distance (oxygen, Si) 
In this experiment, the oxygen penetration distance at the interface was found to be similar 
to the observed hardened layer thickness at the interface, see Figure 8-11.  
 




                                (a) 
 
(b) 




                              (c) 
Figure 8-11. The oxygen penetration distance and metal interface hardness, (a) YAZ face 
coat, (b) F-doped face coat, (c) YB 0.15 face coat. 
 
It can be seen that, the oxygen penetration distance and hardened layer thickness was larger 
than the observed interaction layer thickness at the interface. From the intersection point of 
the interaction layer thickness and the oxygen penetration distance (hardened layer thickness) 
in Figure 8-11 (a), it illustrated that in the YAZ, F-doped, and YB 0.15 samples, around 3.5 
wt% oxygen concentration was required to stabilize the observed interaction layer at the 
interface. Therefore, the oxygen diffusion distance was greater than the observed interaction 
layer thickness shown in these SEM images.  
 
Based on the results in Figure 8-12 shown below, compared to the hardness of the cast bars 
using one and two layers of face coat, the Si contamination at the metal interface seemed not 
                                                                                                                                    
Chapter 8-Discussion 
 266 











1 10 100 1000






1 layer of face coat
2 layers of face coat
 
















1 layer of face coat














1 10 100 1000






1 layer of face coat
2 layers of face coat
 
                                    (c) 
Figure 8-12. The hardness of the sample interface by using one layer and two layers of face 
coat for different face coats. (a)Yttria + sol, (b) YF 0.15, and (c) YAZ face coat. 
 
8.5.3 The amount of Si on the face coat surface (mould 2) 
As can be seen from Figure 7-4 (b) and Figure 7-5, by using the sol back penetration 
methods with one layer of face coat, Si was detected at the cast bar surface. During the 
interaction, reactive Si penetrated into the metal and the concentration of the Si decreased 
away from the metal/shell into the metal matrix. From the Figure 8-13, it can be seen that the 
highest Si concentration at the interface was detected by using the YAZ face coat with a 
penetration distance more than 13 µm, and then YF 0.15 face coat and YB 0.15 had a similar 
penetration distance around 10 µm, Yttria +sol had the smallest Si penetration distance at 
around 7 µm. Therefore, the inertness of the face coat for Si penetration decreased as; Yttria 
                                                                                                                                    
Chapter 8-Discussion 
 268 
+ sol > YB 0.15 =YF 0.15> YAZ, and this test results also agreed with the detected Si 
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Chapter 9 Conclusions and future work 
 
9.1 Conclusions 
The water based binder face coat slurries were developed to be used to make the face coat of 
moulds for investment cast TiAl alloys. The research mainly consists of two parts; the slurry 
recipe development (filler powders, polymers) and an assessment of the reliability of the face 
coat used in the investment casting process. The first part is mostly focus on the 
improvement of face coat sintering properties and slurry stability through adding different 
additives into the water based binder slurry. The secondary part is more focused on study of 
the face coat chemical inertness and the strength. There are some conclusions are made: 
 
The research shows that the industry standard sol used in the face coat slurry can help, by 
slurry gelation, to increase the face coat strength during drying. It increases the strength by 
increasing the contact area between the particles, but makes little difference to the overall 
rate of sintering. Sintering aids such as B2O3, YF3, YAZ, and TiO2 have good sintering 
properties at lower sintering temperatures compared to CeO2 and La2O3. According to the 
dilatometer test results, the sintering aids can effectively promote powder sintering by 
changing the sintering mechanisms, therefore giving enhanced material diffusion with 
decreased powder densification temperatures. But, the sintering precursors like yttrium 
acetate and yttrium carbonate are less effective than the additives, and they retard the powder 
sintering start temperature. Meanwhile, the decomposition of the precursor will also cause 
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large holes to be formed and influence the powder compact quality. 
 
The research on the slurry properties show that the water based binder yttria slurry still 
underwent a very slow gelation process even if no sol was added during slurry preparation, 
and the average life of most new slurries was limited to two weeks. The presence of  
sintering additives also can influence the life of the slurry. Sometimes, a high amount caused 
a shorter slurry life, e.g. YF3, TiO2. However, for the additives such as B2O3 and YAZ, they 
retarded the gelling of the slurry and increased the slurry life to in excess of one month. The 
sintering properties of the face coat is similar to the filler powder, but because of the 
different green density of the test sample, the face coat slip casting sample showed a rapid 
densification speed at temperatures higher than 1000 °C. 
 
The face coat surface roughness using the new slurries was quite similar, with a maximum 
roughness variation of around 3 µm for the test samples, and therefore all could be used as 
the face coat slurry for alloy casting. However, due to the low softening temperature of the 
polymer, the strength of the new face coats were comparably poorer than the commercial 
face coat slurry, therefore, in order to improve the green strength of the face coat, a new 
production method called the ‗sol back penetration‘ method was used to make the shell, 
especially for the manufacture of large shells (‗T‘ shape).  
 
The thermochemical inertness of the water based binder face coats was tested by first using 
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the sessile drop flash re-melt test, and then investment casting. The experimental results 
showed that, by adding sintering aids, the chemical inertness of the face coat was decreased, 
and this depended on the thermochemical properties of the additives and added amount. The 
interaction between the face coat and the metal can be observed in three different ways: The 
quickly reducing contact angle of the sessile drop; the high hardness at the metal/shell 
interface; the thickness of the interaction layer observed at the metal/shell interface. 
 
The decreased contact angle of the sessile drop was caused by the metal/shell interfacial 
energy changing due to the chemical interaction. The high spreading activation energy at the 
interface indicated that the most severe interaction took place between the shell and the 
metal. The face coat chemical inertness, according to the activation energy results, decreased 
as the sequence: Yttrai+sol> YAZ>YF 0.15> YB 0.15. 
 
The penetrated oxygen from the dissolved face coat caused an increased hardness at the 
metal surface. The high hardness layer thickness at the metal surface is different from sample 
to samples according to the amount of chemical reaction between the metal and different 
face coats at variety temperatures with different contact times. The research shows that the 
hardened layer thickness of the investment casting sample bars surface using new face coat 
is less than 25 μm, and is acceptable for industrial use.   
 
The observed interaction layer at the metal/shell interface contains very high amounts of 
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oxygen, and more than 3.5 wt% oxygen was found to establish this layer at the metal surface. 
The interaction layer thickness observed in this research is increased as: Yttria +sol > YAZ > 
YF 0.15 > YB 0.15 > F-doped face coat. The chemical inertness of the new face coats are the 
same as the predicted face coat inertness from the sessile drop test giving the liquid metal 
activation energy. 
 
After firing at different sintering temperatures, Si from the backup coat was found to 
penetrate into the face coat surface during sintering. The amount of Si penetration from the 
backup coat to the face coat was dependent on three factors; the firing temperature, sintering 
additives and production process. The higher the firing temperature, the more reactive the Si 
and the easier for the Si to diffuse into the face coat. But higher sintering temperatures also 
caused higher densification of the face coat, retarding the Si penetration. Sintering additives 
such as ZrO2, Al2O3, etc seemed to enhance the Si diffusivity in yttria and increase the Si 
amount in the shell face coat. The Si concentration found at the different face coat surfaces 
decreased as: YAZ>YF 0.15>YB 0.15> Yttria + Sol. Using the sol back penetration method 
increased the chance of Si penetration from the backup coat to the face coat. But there was 
no evidence that the penetrated Si in the metal surface influenced the micro-hardness of the 
alloy. 
 
9.2 Future works 
The water based binder face coat slurry obviously increased the slurry life but the green 
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strength of this slurry was poor, therefore there are two main aspects of the improvements of 
the slurry in future: one focuses on the use of polymer, the other uses sol for a ‗back 
penetrate‘ process. 
 
The investigation of the polymer mostly focused on the high temperature polymers 
(softening temperature up to 300 °C). Different from the traditional production methods, 
these high temperatures polymers do not necessarily have to dissolve in water, they can be 
painted on the wax pattern surface to protect the face coat during the de-wax process, then, 
this thin polymer layer will be evaporated or pyrolysed and disappear when mould was fired. 
Some high temperature polymers such as the tri-beta-aminoborazoles, which have a working 
temperature around 600 °C, can be used in this application. 
 
The second improvement is using a more reactive sol for the back penetration method, which 
can quickly gel the face coat. The benefit of this methods is it separates the slurry making 
and geling processes, therefore it does not impact the viscosity management of the slurry by 
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